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Introduction 
 
Methane 
 
Methane (CH4) is an important fossil fuel for households and industry, but also a 
climate-affecting trace gas in the atmosphere (Forster et al., 2007; Houghton et al., 
1996). Methane shows a strong infrared absorption and the atmospheric methane 
acts as a greenhouse gas, being 25 to 30 times more effective than carbon dioxide 
(CO2) on 100 years-scale (Denman et al., 2007; Shindell et al., 2009). Due to man-
made activity the concentration of methane in the atmosphere has raised 
exponentially over the past 200 years. However, according to a recent report of the 
Intergovernmental Panel on Climate Change, the rise in atmospheric methane 
concentration had declined significantly during the last (2-3) years (Singh, 2011). It 
is not clear if the decline rate is caused by a decrease in emission or an increase in 
methane sink activity. Global warming is a worldwide concern and therefore it is 
important to increase knowledge of the sources and sinks of methane.  
About 70 to 80 % of the methane emitted to the atmosphere originates from 
natural ecosystems (wetlands, ruminants, termites) and anthropogenic activities 
(rice paddies, landfills, coal mining) (Table 1). This biogenic methane is produced 
by methanogenic Archaea during decomposition of organic matter under anaerobic 
conditions (Conrad, 2009; Etiope et al., 2011; Schink, 1997; Thauer, 1998). The 
other 20 to 30 % is the result of thermal decomposition of organic matter (> 80 °C) 
within the Earth's crust (Conrad, 2009; Etiope  Klusman, 2002; Etiope et al., 
2011). This (geological) methane is emitted to the atmosphere from geothermal 
areas like seeps, mud volcanoes, mud pots and fumaroles.  
 
 
 
 
 
Pictures (previous page). The Solfatara volcano located at Pozzuoli near Naples 
(southern Italy). Left-top, overview of the Solfatara; left-bottom, Dr. Arjan Pol is 
sampling the fangaia; right, fumarole with metal sulfide precipitates. Pictures by Dr. 
Arjan Pol. 
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Although methane emission from geothermal areas needs to be quantified more 
accurately (Etiope  Klusman, 2002), these environments add 45 to 75 Tg methane 
per year on the total emission of about 600 Tg methane per year (Castaldi  
Tedesco, 2005; Kvenvolden  Rogers, 2005). Fortunately, not all the methane 
produced reaches the atmosphere, since a considerable part is oxidized by aerobic 
and anaerobic methane-oxidizing bacteria, also known as methanotrophs (Table 1). 
These microorganisms are assumed to be the major players in keeping the methane 
balance on our planet.  
Atmospheric methane, that has escaped methanotrophic oxidation, is mainly 
oxidized in the troposphere by the hydroxyl radical (OH.), by far the major radical 
in this part of the atmosphere, leading to the formation of carbon dioxide and water 
vapor. In the presence of sufficiently high levels of nitrogen oxides (NOx), methane 
oxidation with the hydroxyl radical leads to the formation of formaldehyde 
(CH2O), carbon monoxide (CO) and ozone (O3). This reaction is responsible for 
the removal of about 445 to 530 Tg methane per year, making the concentration of 
hydroxyl radical the most important determinant of the rate at which methane is 
removed from the atmosphere. About 30 Tg methane per year is removed through 
dry soil oxidation due to the activity of aerobic methanotrophs and about 40 Tg 
methane per year is transported to the stratosphere (Houweling et al., 1999; Khalil 
& Shearer, 2000; Lelieveld et al., 1998; Moss et al., 2000) (Table 1).  
Recently it was shown that volcanoes are also acting as important methane sinks, 
due to methane oxidation activity of aerobic verrucomicrobial methanotrophs. 
These microorganisms were isolated independently from volcanic regions in Italy, 
New Zealand and Russia (Dunfield et al., 2007; Islam et al., 2008; Pol et al., 
2007).  
In this study the main focus will be on the biochemistry and physiology of 
Methylacidiphilum fumariolicum SolV, one of those recently isolated aerobic 
verrucomicrobial methanotrophs. 
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Methanotrophs  
 
Anaerobic methanotrophs  
 
Anaerobic oxidation of methane can be performed either by consortia of 
methane-oxidizing Archaea and sulfate-reducing bacteria (Boetius et al., 2000; 
Valentine & Reeburgh, 2000) or by nitrite-reducing bacteria (Ettwig et al., 2008; 
Raghoebarsing et al., 2006). Table 2 gives an overview of sites where the 
anaerobic oxidation of methane has been studied.  
First geochemical evidence for sulfate-driven methane oxidation was derived 
from profile analyses in anoxic organic-rich sediments (Barnes & Goldberg, 1976; 
Martens & Berner, 1974; Reeburgh, 1976). However, the process stayed 
controversial, because neither mechanism nor responsible microorganism could be 
identified. In 2000 it was shown that consortia of anaerobic methanotrophic 
Archaea and sulfate-reducing bacteria were performing the process in deep sea 
environments (Boetius et al., 2000). Research progress from that time on is 
excellently reviewed by Knittel & Boetius (2009).  
The first report on nitrite-driven anaerobic methane oxidation (n-damo) 
hypothesized a consortium with Archaea conducting reverse methanogenesis in 
association with a denitrifying bacterial partner (Raghoebarsing et al., 2006). 
Subsequently it was shown that the complete process could be performed by the 
bacterial partner on its own (Ettwig et al., 2008). The dominant bacterium 
responsible for the n-damo process belonged to the candidate division ‘NC10’ 
(Rappe & Giovannoni, 2003). Its genome could be assembled from the 
metagenome of an enrichment culture and the bacterium was tentatively named 
‘Candidatus Methylomirabilis oxyfera’ (Ettwig et al., 2010). The n-damo process 
follows a classical aerobic methane oxidation pathway (see also below) in the total 
absence of externally supplied oxygen (O2) (Ettwig et al., 2010). It was 
demonstrated that ‘Candidatus Methylomirabilis oxyfera’ has the unique ability to 
produce intracellular oxygen through an alternative denitrification pathway. 
Already quite some time circumstantial evidence exists for iron (III)-driven 
anaerobic methane oxidation as a thermodynamically favorable process (Beal et 
al., 2009; Sivan et al., 2007; Zehnder & Brock, 1980). Recently geochemical 
evidence was published for this process in deep lake sediments being located below 
Chapter One                                                                                                              General Introduction  
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a depth of 20-cm, which is well below the depths where nitrate and sulfate are 
available (Sivan et al., 2011). The process was further studied using iron (III)-
amended mesocosm studies with intact sediment cores. 
 
Aerobic methanotrophs 
 
The obligate aerobic methanotrophs form a unique group of microorganisms 
among the methylotrophs. They utilize methane as sole source of energy and 
carbon (Hanson  Hanson, 1996). So far within the bacterial phylum 
Proteobacteria, 18 genera of aerobic methanotrophs have been described (Table 3). 
These proteobacterial methanotrophs are further divided into two subphyla, the 
Alphaproteobacteria and the Gammaproteobacteria (Table 3). The methanotrophic 
members of the Alphaproteobacteria (also known as type II methanotrophs), are 
represented by two families, the Methylocystaceae and the Beijerinckiaceae. The 
members of the Gammaproteobacteria (also known as type I methanotrophs), are 
represented by the family Methylococcaceae.  
The type I and II classification of methanotrophs is based on their cell 
morphology, ultrastructure (internal membrane structure), phylogeny 
(Alphaproteobacteria versus Gammaproteobacteria), the dominant phospholipid 
fatty acids (16C versus 18C) and the metabolic pathways used for biomass 
production (ribulose monophosphate [RuMP] pathway versus serine pathway) 
(Chistoserdova, 2011; Chistoserdova et al., 2009; Hanson  Hanson, 1996). 
However, not all genera described fit into these classifications, e.g. Methylocella, 
Methylohalobius and Methylovulum (Dedysh et al., 2000; Heyer et al., 2005; 
Iguchi et al., 2011). Although in the past the terms type I and type II methanotroph 
were preferably used, they now have become synonyms for Gammaproteobacteria 
and Alphaproteobacteria, respectively (Op den Camp et al., 2009). So far the 
family Methyolococcaceae of the Gammaproteobacteria harbors the most genera 
of the proteobacterial methanotrophs, but not all the genera perfectly fit into this 
family. The genera Methylohalobius and Methylothermus are classified in this 
family, but analysis of the 16S ribosomal RNA and pmoA genes show that theses 
microorganisms may not be monophyletic with this family (Heyer et al., 2005; 
Tsubota et al., 2005). In addition the family Crenotrichaceae (with Crenothrix and 
Clonothrix, two filamentous and sheathed microorganisms as the genera) is 
Chapter One                                                                                                              General Introduction  
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validated, but it is phylogenetically a subset of the Methylococcaceae (Op den 
Camp et al., 2009; Stoecker et al., 2006; Vigliotta et al., 2007). 
There are several detailed literature reviews available about the physiology and 
ecology of the aerobic proteobacterial methanotrophs (Conrad, 1996; Dunfield, 
2006; Hanson  Hanson, 1996; McDonald et al., 2008; Trotsenko  Khmelenina, 
2002). These microorganisms are widespread in natural and man-made 
environments such as fresh and marine waters and sediments, soils, landfills and 
rice paddies where they typically consume 10-90 % of the methane produced by 
methanogenic Archaea in the anoxic zones of these environments (Segers, 1998).  
Aerobic methanotrophs are also found in symbioses with marine invertebrates 
(the sponge Cladorhiza methanophila, tubeworms of the Siboglinum genus, the 
hydrothermal vent snails Ifremeria nautilei and Alviniconcha hessleri, and deep-sea 
bathymodiolin mussels of two genera, Bathymodiolus and Idas) at hydrothermal 
vents and cold seeps in the deep Sea (Petersen  Dubilier, 2009 and references 
therein). The methods applied to show that symbionts are methanotrophs included 
ultrastructure analysis of the internal cytoplasmic membrane system, 16S 
ribosomal RNA analyzed, activity assays with crucial enzymes of the methane 
oxidation pathway and physiological experiments using labeled methane in whole 
animals or tissues containing the methanotrophic symbionts. So far only type I 
methanotrophs seems to be involved in the symbiosis with the marine 
invertebrates. This may be caused by the efficiency of the pathway used for carbon 
assimilation, the serine pathway used by type II methanotrophs being less efficient 
(Leak et al., 1985). The marine invertebrate fully rely on their symbiont for most or 
even all there carbon and energy needs, so it is advantageous to be in association 
with type I methanotrophs. However, type II methanotrophs are found in 
association with wetland plants (Raghoebarsing et al., 2005), which are autotrophs 
and much less dependent for their organic carbon. In these associations, type II 
methanotrophs supply the plant with up to 15 % of the cellular carbon.     
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The discovery of the aerobic verrucomicrobial methanotrophs  
 
Most of the known genera within the aerobic proteobacterial methanotrophs are 
mesophiles and neutrophils. Exceptions on that are the genera found in geothermal 
springs (Methylothermus, Methylococcus and Methylocaldum), for which 
temperatures of 45-58 °C for optimal growth was reported. In addition, there are 
reports on mild acidophilic genera (Methylocystis, Methylocapsa, Methylocella and 
Methyloferula), which are abundant in soil environments, such as peat bogs. These 
microorganisms are capable of growth at pH values between 3.5 and 7.5 (Dedysh 
et al., 2002; Dedysh et al., 2000; Dedysh et al., 2007; Trotsenko  Khmelenina, 
2002; Tsubota et al., 2005; Vorobev et al., 2011) (Table 3).  
A significant amount of methane consumption has been reported in geothermal 
areas, characterized by high temperatures (50-95 °C) and a very low pH (below 
1.8) (Castaldi & Tedesco, 2005). This pointed into the direction of methanotrophy 
under more extreme conditions. This geological evidence was supported and 
validated in late 2007 to early 2008, by three independent isolations in pure culture 
of novel aerobic methane oxidizing bacteria from volcanic regions (Dunfield et al., 
2007; Islam et al., 2008; Pol et al., 2007) (Table 3). Inocula were obtained from the 
Solfatara at Pozzuoli near Naples (Italy), Hell's Gate, Tikitere (New Zealand) and 
the Uzon Caldera, Kamchatka, (Russia). Excitingly, based on 16S ribosomal RNA 
gene sequences, all three isolates (strains SolV, V4 and Kam1) could be identified 
as members of the Verrucomicrobia phylum and they belong to a single genus for 
which the name Methylacidiphilum was proposed (Op den Camp et al., 2009) (Fig. 
1). This was the first time that the widely distributed Verrucomicrobia phylum is 
coupled to a geochemical cycle. Although environmental clone libraries show large 
biodiversity in Verrucomicrobia and their presence in many ecosystems (soils, peat 
bogs, acid rock drainage and landfill leachate) often in relative high numbers, most 
members remain uncultivated and there physiology is poorly understood (Wagner 
& Horn, 2006).  
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In addition to the several verrucomicrobial genome assemblies (van Passel et al., 
2011) a complete genome sequence was published for Methylacidiphilum 
infernorum strain V4 (Hou et al., 2008) and a draft genome was available for 
Methylacidiphilum fumariolicum strain SolV (Op den Camp et al., 2009; Pol et al., 
2007). Initial analysis of Methylacidiphilum strains (V4, SolV and Kam1) showed 
similarities, but also major differences with the proteobacterial aerobic 
methanotrophs, e.g. distinct enzymes of the methane oxidation and carbon dioxide 
fixation pathways (see below) (Table 3). The stacked membrane structures 
characteristic for methanotrophs expressing particulate methane monooxygenase 
(pMMO) were not observed in Methylacidiphilum strains with transmission 
electron micrograph. Instead circular bodies of about 50-70 nm were observed 
(Fig. 2). It was postulated that these circular bodies in Methylacidiphilum strains 
may resemble carboxysomes or a novel subcellular compartments for methane 
oxidation (Islam et al., 2008; Op den Camp et al., 2009). Carboxysomes are 
compartments found in cyanobacteria and in limited numbers of chemoautotrophs 
and thought to enhance the concentration of carbon dioxide for the enzyme 
ribulose 1,5 bisphosphate carboxylase/oxygenase (RuBisCO), which has a low 
affinity for carbon dioxide (Yeates et al., 2008).  
 
 
A B C
 
                          
 
Figure 2. (A) Transmission electron micrograph of type I (scale bar, 1 µm) and (B) 
type II (scale bar, 200 nm) proteobacterial aerobic methanotrophs, showing the disc-
shaped and the parallel membranes in these microorganisms, respectively. (C) In 
Methylacidiphilum fumariolicum strain SolV circular bodies of about 50-70 nm were 
observed (scale bar, 200 nm). Pictures were modified from Kip et al. (2011) and Pol 
et al. (2007). 
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Genome comparison:  
proteobacterial versus verrucomicrobial methanotrophs 
 
Energy metabolism in aerobic methanotrophs 
 
The aerobic oxidation of methane proceeds according to equation 1. During this 
oxidation, energy is obtained at the level of methanol (CH3OH), formaldehyde 
(CH2O) and formate (CHOOH) oxidation (Chistoserdova et al., 2009; Hanson & 
Hanson, 1996) (Fig. 3). In these reactions, electrons are transferred to a membrane-
bound electron transport chain via a pyrroloquinoline quinone cofactor to 
cytochrome c (methanol dehydrogenase) or NAD (in formaldehyde oxidation 
systems and formate dehydrogenase). With oxygen as the terminal electron 
acceptor, electron flow through the membrane produces a proton motive force that 
is converted to the cellular energy carrier ATP by the ATPase enzyme complex.  
 
(1)                         CH4  2 O2  CO2  2 H2O (G°  773 KJ per mol CH4) 
 
Enzymes involved in methane oxidation 
 
Methane monooxygenase (MMO) catalyzes the first step in methane oxidation, 
converting methane into methanol. Proteobacterial aerobic methanotrophs are 
known to possess two distinct form of this enzyme; the soluble cytoplasmic form 
(sMMO, NADH-dependent) and the particulate membrane-associated form 
(pMMO, cytochrome c dependent) (Figs. 3A and 3B) (Hanson & Hanson, 1996). 
The pMMO is present in all genera of methanotrophs, expect for the Methylocella 
silvestris BL2, Methylocella palustris gen. nov., sp. nov., and Methyloferula 
stellata gen. nov., sp. nov., that only possess the sMMO variant (Chen et al., 2010; 
Dedysh et al., 2000; Vorobev et al., 2011). The soluble cytoplasmic methane 
monooxygenase is only found in limited number of methanotrophs, in addition to 
pMMO (Chistoserdova, 2011).  
Proteobacterial aerobic methanotrophs contain multiple copies of pmo operons. 
In both type I and type II proteobacterial methanotrophs two nearly sequence-
identical copies of pmoCAB1 are found (Murrell et al., 2000; Semrau et al., 1995). 
It is thought that sequence-identical copies have arisen through gene duplications 
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and insertions. The requirement of both sequence-identical copies of pMMO was 
demonstrated by mutation studies in Methylococcus capsulatus Bath (Stolyar et al., 
1999). 
 
 
Methane (CH4)
Formaldehyde (CH2O)
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Carbon dioxide (CO2)
Methanol (CH3OH)
pMMO
sMMO
MDH
FADH
FDH
Type I methanotrophs
RuMP pathway
Type II methanotrophs
Serine pathway
B
A
C
D
E
 
 
 
Figure 3. Established pathways for the oxidation of methane (black arrows) and 
assimilation of formaldehyde (grey arrows) in type I and type II proteobacterial 
aerobic methanotrophs (modified from Hanson & Hanson, 1996). The enzymes 
involved in methane oxidation are indicated within the boxes. (A) The soluble 
methane monooxygenase (sMMO). (B) The particulate methane monooxygenase 
(pMMO). (C) The methanol dehydrogenase (MDH). (D) The formaldehyde 
dehydrogenase (FADH). (E) The formate dehydrogenase (FDH). The formaldehyde, 
produced during the oxidation of methane can be assimilated via the serine pathway 
or the ribulose monophosphate (RuMP) pathway. 
 
 
The sequence-divergent copy of pmoCAB1 (pmoCAB2) was shown to be widely 
but not universally distributed in type II proteobacterial methanotrophs and is 
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absent in type I proteobacterial methanotrophs (Baani & Liesack, 2008). Recently 
it was found that the genera of type I proteobacterial methanotrophs encode for a 
new sequence-divergent pmo. Unlike the CAB order for pMMO and ammonia 
monooxygenase (AMO) operon, it was encoded in the pxmABC operon 
(Tavormina et al., 2011). The presence of sequence-divergent copies suggests 
alternative physiological function under different environmental conditions. 
Methylocystis sp. strain SC2 was shown to possess two pMMO isozyms, encoded 
by pmoCAB1 and pmoCAB2 operons. The pmoCAB2 operon encoded pMMO, 
oxidized methane at lower apparent Km (Baani & Liesack, 2008).  
Based on the complete genome of M. infernorum strain V4 and the draft genome 
of M. fumariolicum strain SolV, none of the genes encoding for the sMMO 
subunits were found in these verrucomicrobial aerobic methanotrophs (Hou et al., 
2008; Op den Camp et al., 2009; Pol et al., 2007). However, three complete 
pmoCAB operons were identified in these strains and an extra copy of pmoC. The 
draft genome analysis for M. kamchatkense strain Kam1 reveled orthologues of 
each of the three pmo operons found in strains V4 and SolV, in addition to a forth 
pmoCA operon (Op den Camp et al., 2009). Based on phylogenetic analysis of the 
verrucomicrobial pmoA genes, high similarity was found between the genes 
pmoA1, pmoA2 and pmoA3 of each strain and the pmoA4 of Kam1 and they 
represented a new branch, which is distinct from pmoA and amoA genes of other 
cultured organisms (Op de Camp et al., 2009).  
By using quantitative polymerase chain reaction (qPCR), recently it was 
demonstrated that pmoA2 in M. kamchatkense strain Kam1 was highly expressed, 
and this expression dropped by factor of 10 when grown on methanol (Erikstad et 
al., 2012).  
 
Enzymes involved in methanol oxidation  
 
Methanol dehydrogenase (MDH) is involved in the second step in methane 
oxidation, converting methanol into formaldehyde (Fig. 3C). This enzyme was first 
characterized in the proteobacterial methylotroph Methylobacterium extorquens 
and was later detected in most of the methylotrophs (Chistoserdova, 2011 and 
references therein). This enzyme consist of a large and small subunits encoded by 
the mxaFI genes and requires pyrroloquinoline quinone as cofactor, and a 
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cytochrome c electron accepter, the later encoded by mxaG gene. In addition this 
enzyme requires calcium (Ca2) insertion to its active center. The accessory genes 
mxaACKL are required for this insertion. Although the genes mxaRS are also 
required for an active MDH, their function is still unknown (Chistoserdova, 2011 
and reference therein).   
MDH activity in the verrucomicrobial methanotroph M. fumariolicum strain 
SolV could be demonstrated (Pol et al., 2007), but the gene cluster encoding this 
enzyme in this strain and in M. infernorum V4 seems to be rather different 
compared to proteobacterial aerobic methanotrophs. The mxaFJGIRSACKLDEHB 
cluster, encoding MDH (Chen et al., 2010; Chistoserdova et al., 2003) was absent 
and replaced by mxaFJG predicted along with the cluster pqqABCDEF for 
biosynthesis of the cofactor pyrroloquinoline quinone in these verrucomicrobial 
aerobic methanotrophic strains (Hou et al., 2008; Op den Camp et al., 2009). 
 
Formaldehyde oxidation pathways   
 
Formaldehyde is an intermediate of the methane oxidation pathway and its 
oxidation in methanotrophs is important for energy generation, but also to keep 
intracellular formaldehyde concentrations at non-toxic levels (Chistoserdova, 
2011). Methylotrophs are known to have variety of formaldehyde oxidizing 
systems, which are nicely reviewed by Chistoserdova (2011). Formaldehyde 
oxidation can be performed by single enzyme; the NAD or mycothiol-linked 
formaldehyde dehydrogenases (FADH) (Fig. 3D) or by multienzyme cofactor 
linked C1 transfer pathways. One of the most widespread pathways for 
formaldehyde oxidation in methylotrophs is the one requiring 
tetrahydromethanopterin (H4MPT) as a cofactor and is encoded by at least 20 genes 
(Chistoserdova et al., 2009). Another important pathway is the C1 transfer 
pathway, requiring tetrahydrofolate (H4F) as cofactor.  
Based on available genome data of the verrucomicrobial methanotrophs (Hou et 
al., 2008; Op den Camp et al., 2009; Pol et al., 2007) conversion of formaldehyde 
in Methylacidiphilum strains (V4 and SolV) seems to be mediated by a H4F 
dependent pathway or directly by formaldehyde dehydrogenase, which makes these 
microorganisms the first fully sequenced methylotrophs to lack the H4MPT 
pathway for formaldehyde oxidation.  
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Formate oxidation 
 
The last step in methane oxidation is the conversion of formate into carbon 
dioxide by formate dehydrogenase (FDH) (Fig. 3E). Methylotrophs are known to 
have more than one type of this enzyme. For example the methylotroph M. 
extorquens have four different functional FDH enzymes; a tungsten-containing 
FDH, a predicted molybdenum-containing FDH, a predicted cytochrome-linked 
FDH that is likely periplasmic, and a novel type of FDH (Chistoserdova, 2011 and 
references therein). Although, first it was thought that formate oxidation step is less 
critical for methylotrophs, which oxidize formaldehyde via the RuMP pathway 
(Anthony, 1982), later studies in RuMP pathway containing methylotrophs, 
showed that this oxidation step is important (Hendrickson et al., 2010). 
The genome data of the verrucomicrobial methanotrophs (strains V4 and SolV) 
indicate that formate oxidation is probably conducted by NAD-dependent formate 
dehydrogenase (Hou et al., 2008; Pol et al., 2007).  
 
Carbon assimilation in aerobic methanotrophs  
 
Carbon assimilation in proteobacterial aerobic methanotrophs takes place at the 
level of formaldehyde (Chistoserdova et al., 2009; Hanson  Hanson, 1996). The 
members of the Gammaproteobacteria (also known as type I methanotrophs), use 
the RuMP pathway for the assimilation of formaldehyde to form glyceraldehyde-3-
phosphate as an intermediate of central metabolism (Fig. 3). Two key enzymes, 
specific for RuMP pathway are required to enable this carbon fixation pathway; 
hexulose-6-phosphate synthase and hexulose-6-phosphate isomerase, in addition to 
the enzymes of glycolysis, pentose phosphate cycle and Entner-Doudoroff 
pathways (Chistoserdova, 2011). 
The members of the Alphaproteobacteria (also known as type II), use the serine 
pathway, in which formaldehyde and carbon dioxide are utilized to produce acetyl-
coenzyme A for biosynthesis. Key enzymes that are typically measured to indicate 
active serine pathway are hydroxypyruvate reductase and serine glyoxylate 
aminotransferase (Chistoserdova, 2011).   
Analyses of the available genome data of the verrucomicrobial methanotrophs 
(strains SolV and V4) revealed that the key genes needed for an operational RuMP 
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and serine pathways are absent. Instead, genes encoding for Calvin-Benson-
Bassham (CBB) cycle are present (Hou et al., 2008; Op den Camp et al., 2009; Pol 
et al., 2007). This suggests that these verrucomicrobial aerobic methanotrophs fix 
carbon dioxide into biomass.    
Although genome data of some proteobacterial aerobic methanotrophs (M. 
capsulatus Bath, M. silvestris BL2) and the non proteobacterial aerobic 
methanotroph ‘Candidatus Methylomirabilis oxyfera’ (Chen et al., 2010; Ettwig et 
al 2010; Ward et al., 2004), also revealed the presence of RuBisCO, the key 
enzyme of the CBB cycle, autotrophic growth in liquid cultures has not been 
reported and any physiological evidence for an active CBB cycle in these 
methanotrophs is lacking.  
 
Nitrogen fixation in aerobic methanotrophs   
 
In addition to the important role of methanotrophs in the carbon cycle (methane 
oxidation), their ability to fix atmospheric nitrogen (N2) suggest there role in 
nitrogen cycling in many environments (Auman et al., 2001). However the 
coupling between methane and nitrogen cycles are not yet understood 
(Kalyuhznaya et al., 2009; Murrell  Jetten, 2009). First it was thought that 
nitrogen fixation is the property of only type II and the type I moderately 
thermophilic Methylococcus strains (Oakley & Murrell, 1988). However, later on 
genetic and biochemical evidence was provided to show that atmospheric nitrogen 
fixation capabilities are broadly distributed among methanotrophs (Table 3). This 
was done by demonstrating of both the presence of nifH gene fragments and 
acetylene reduction activity in a variety of type I and type II strains of the 
proteobacterial aerobic methanotrophs (Auman et al., 2001). Recently, it was also 
demonstrated that the deep-sea anaerobic methane-oxidizing Archaea fix nitrogen 
and share the products with their sulfate-reducing bacterial symbionts (Dekas et al., 
2009). 
Genomic data of the verrucomicrobial methanotrophic strains (V4 and SolV) 
indicated the ability of atmospheric nitrogen fixation like most proteobacterial 
aerobic methanotrophs (Hou et al., 2008; Op den Camp et al., 2009). 
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Aim & research questions  
 
The discovery of M. fumariolicum strain SolV and the other verrucomicrobial 
methanotrophs (strains V4 and Kam1) was a surprise to most microbiologists. It 
has revealed that the ability of bacteria to oxidize methane is much more diverse 
than has previously been assumed in terms of ecology, phylogeny and physiology. 
These microbes may be significant players in geochemical carbon and nitrogen 
cycling, and will harbor biochemically very exciting pathways. Taken together the 
newly discovered extremophilic methanotrophs with their new metabolic features 
are a good starting point for exciting and innovative research.  
The aim of this thesis is to answer the question how M. fumariolicum strain SolV 
is able to survive and live under the extreme conditions (acid, hot and low oxygen) 
of its natural environment. Furthermore it was investigated which pathways are 
used and how are they regulated. 
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Approach & outline  
 
This research was performed by using a complementary array of methods 
including genomics, electron microscopy, mRNA analyses, and 
13
C-labeling , to 
unravel the biochemistry and physiology of the novel extremophilic methanotroph 
M. fumariolicum SolV in molecular detail. These combined approaches will 
provide the basic understanding that is necessary to assess the environmental 
importance of these microbes as a methane sink. 
 
Chapter Two: Draft genome sequence of the volcano-inhabiting 
thermoacidophilic methanotroph Methylacidiphilum fumariolicum strain SolV. 
In this chapter the genome of M. fumariolicum strain SolV was sequenced, by   
using next generation sequencing methods and finally presented as 109 contigs. 
Based on the genome data the important pathways involved in carbon and nitrogen 
metabolism were predicted.  
 
Chapter Three: Nitrogen fixation by the verrucomicrobial methanotroph 
Methylacidiphilum fumariolicum SolV. 
In this chapter growth experiments both in batch and chemostat were combined 
with nitrogenase activity measurements and phylogenetic analysis of the 
nitrogenase to document N2 fixation by M. fumariolicum SolV.  
 
Chapter Four: Autotrophic methanotrophy in Verrucomicrobia: 
Methylacidiphilum fumariolicum SolV uses the Calvin-Benson-Bassham cycle 
for carbon dioxide fixation. 
In this chapter growth experiments were performed with 13C-labeled methane or 
13C-labeled carbon dioxide in batch and chemostat cultures to show that carbon 
dioxide is the only carbon source for M. fumariolicum strain SolV during growth 
on methane. This was further supported by a transcriptome study in which the 
expression of all the genes necessary for a complete CBB cycle was shown. In 
addition, a novel 13C stable isotope enzyme assay was developed to demonstrate 
the activity of RuBisCO in strain SolV. 
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Chapter Five: Genomic and physiological analysis of carbon storage in the 
verrucomicrobial methanotroph “Ca. Methylacidiphilum fumariolicum” SolV. 
In this chapter M. fumariolicum strain SolV was grown in fed-batch to study the 
response of this microorganism upon ammonium depletion. The cells, which were 
harvested at different time intervals during growth, were used for electron 
microscopy, elementary analysis, and biochemical analysis of protein and glycogen 
levels. Oxygen concentration in this culture did not support N2 fixation.  
 
Chapter Six: Metabolic regulation of “Ca. Methylacidiphilum fumariolicum” 
SolV cells grown under different nitrogen and oxygen limitations. 
Cells grown under different conditions are the basis for the transcriptome analysis 
described in this chapter. Exponentially growing cells in bottles (methane, carbon 
dioxide, oxygen and ammonium in excess), nitrogen-fixing cells in the chemostat 
(no ammonium, and 0.5 % dissolved oxygen) and oxygen-limited cells in the 
chemostat (with ammonium, methane and carbon dioxide in excess) were 
compared with each other.  
 
Chapter Seven: Summary  Outlook.  
This chapter summarizes and gives several ideas about further studies to be done in 
the future. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Methylacidiphilum fumariolicum strain SolV  
cells, obtained from transition phase I (Chapter Five).  
These pictures were taken by Ahmad F. Khadem,  
using an Axioplan 2 imaging phase contrast microscope. 
 
Chapter Two                                           Draft genome of Methylacidiphilum fumariolicum strain SolV 
(Khadem et al., 2012) 35              J Bacteriol 194, 3729-3730 
 
Chapter Two 
 
Draft genome of  
Methylacidiphilum fumariolicum SolV  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A modified version of this chapter was published in:  
Journal of Bacteriology 194, 3729-3730 (2012). 
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Circular representation of the Methylacidiphilum fumariolicum SolV chromosome 
(Mfum). Circles display (from the outside): (1) GC percent deviation (GC window- 
mean GC) in a 1,000-bp window. (2) Predicted CDSs transcribed in the clockwise 
direction. (3) Predicted CDSs transcribed in the counter clockwise direction. Genes 
displayed in (2) and (3) are color-coded according different categories: red and blue: 
MaGe validated annotations; orange: MicroScope automatic annotation with a 
reference genome; purple: Primary/Automatic annotations. (4) GC skew (G+C/GC) 
in a 1,000-bp window. (5) rRNA (blue), tRNA (green), misc_RNA (orange), 
transposable elements (pink) and pseudo genes (grey).  
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Abstract  
 
Methylacidiphilum fumariolicum SolV is a novel thermoacidophilic aerobic 
methanotroph of the Verrucomicrobia phylum that was isolated from the central 
mud pot of the Solfatara volcano near Naples, Italy. Here we present the draft 
genome sequence of this strain, the second genome available from the cohort of 
methane-oxidizing Verrucomicrobia. Genome sequence annotation has allowed 
prediction of pathways for one-carbon (C1), nitrogen, and hydrogen catabolism and 
respiration as well as the central metabolic pathways. The genome encodes three 
orthologues of particulate methane monooxygenase and the inventory required for 
nitrification and has led to new insights into methane cycling in volcanic 
environments. 
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Introduction 
 
Methane oxidizing bacteria are a subset of the physiological group of 
methylotrophs, and are unique in using methane (CH4) as carbon and energy source 
(Hanson  Hanson, 1996). Until 2007 the phylogenetic distribution of the aerobic 
methanotrophs was limited to the Alphaproteobacteria and Gammaproteobacteria 
(Hanson  Hanson, 1996).  
In late 2007 to early 2008, novel thermoacidophilic aerobic methanotrophs were 
discovered in geothermal areas in Italy, New Zealand and Russia (Dunfield et al., 
2007; Islam et al., 2008; Pol et al., 2007). The isolation of these strains was 
performed by the floating filter technique or by serial dilution using media 
supplemented with soil extract. These methanotrophs represented a distinct 
phylogenetic lineage within the Verrucomicrobia for which the genus name 
Methylacidiphilum was proposed (Op den Camp et al., 2009). So far the genus 
Methylacidiphilum is represented by three strains; M. fumariolicum strain SolV, M. 
infernorum strain V4 and M. kamchatkense strain Kam1. The Methylacidiphilum 
species have been shown to be well adapted to the harsh volcanic environment (Op 
den Camp et al., 2009; Pol et al., 2007) in that they can thrive at very low methane 
and oxygen concentrations and pH values as low as 1.  
Environmental clone libraries show that there is a large biodiversity within the 
Verrucomicrobia and representatives are encountered in many ecosystems like 
soils, peat bogs, acid rock drainage and landfill leachate, often in relative high 
numbers but having an unknown physiology (Wagner & Horn, 2006). However, 
the verrucomicrobial methanotrophs were obtained in pure cultures and a complete 
genome sequence was published for M. infernorum strain V4 (Hou et al., 2008). 
This was for the first time that members of the verrucomicrobial methanotrophs 
were shown to be involved in a geochemical cycle. 
In this study a draft genome sequence of M. fumariolicum SolV is presented. 
Together with the strain V4 genome, this will lead to new insights into methane 
cycling in volcanic environments as well as non-proteobacterial methanotrophy 
and nitrification. 
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Materials & methods 
 
Growth conditions & DNA isolation 
 
Genomic DNA was extracted from an exponentially growing Methylacidiphilum 
fumariolicum cell culture according to Juretschko et al. (1998).  
The composition and preparation of the growth medium were described 
previously (Khadem et al., 2010). 
 
Genome sequencing & annotation  
 
The high-quality draft genome of M. fumariolicum SolV was assembled from 
Illumina and Roche 454 reads using CLCbio (http://www.clcbio.com) and manual 
adjustments. 
Auto-annotation was performed based on comparison to public databases using 
the MicroScope platform (Genoscope, France, Vallenet et al., 2009). 
The nucleotide genome sequence of M. fumariolicum SolV has been deposited 
in the European Nucleotide Archive (ENA) under accession numbers 
CAHT01000001 to CAHT01000109.  
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Results & discussion  
 
Classification & features of Methylacidiphilum fumariolicum  
 
The M. fumariolicum strain SolV used in this study was originally isolated from 
the volcanic region Campi Flegrei, near Naples, Italy (Pol et al., 2007). 
Classification and features of M. fumariolicum are presented in Table 1. Strain 
SolV was able to grow with ammonium (doubling time 10 h), nitrate (doubling 
time 17 h) or dinitrogen gas (doubling time 27 h) as nitrogen source (Khadem et 
al., 2010; Pol et al., 2007). For biomass carbon, strain SolV fixes CO2 via the 
Calvin-Benson-Bassham cycle, with methane as the energy source (Khadem et al., 
2011). 
 
Genomic properties 
 
The genome was assembled into 109 contigs. The draft genome is 2.36 Mbp in 
size with a GC content of 40.9 %, and was very similar to the genome of M. 
infernorum strain V4 (Fig. 1). Auto-annotation identified 2283 protein-encoding 
gene models. For 623 of these, full-length homologs (> 80 % identity at the protein 
level) were located in the complete genome of M. infernorum V4, with 619 of them 
organised in synteny in both strains. Synthetic pathways for tRNA of all 20 amino 
acids were present together with a single rRNA operon. 
 
Carbon metabolism 
 
Genome sequence annotation has allowed prediction of genes involved in one-
carbon (C1) metabolism (Table 2). Key genes for the ribulose monophosphate 
pathway and the serine cycle were absent. However, genes encoding the Calvin-
Benson-Bassham cycle enzymes were present. The genome encodes all three 
central pathways: Embden-Meyerhof-Parnas glycolytic pathways, the pentose 
phosphate pathway and the tricarboxylic acid cycle. Genes encoding keto-deoxy-
gluconate catabolism of the Entner-Doudoroff pathway were absent. Three 
particulate methane monooxygenase operons (pmoCAB) were predicted, while 
genes encoding a soluble methane monooxygenase were not found. The mxaFI 
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genes encoding methanol dehydrogenase (Chen et al., 2010; Chistoserdova et al., 
2009) were absent, but a homologous xoxFJG gene cluster and a pqqABCDEF 
operon for the biosynthesis of the cofactor pyrroloquinoline quinone were detected. 
H4MTP-linked C1-transfer genes are not present. The H4Folate-linked pathway 
inventory includes metF, folD and ftfL genes. The genes mtdA, fch or purU were 
not present. Genes encoding NAD-linked formate dehydrogenase (fdsABCD) were 
identified (Oh  Bowien, 1998). Should the identified genes encoding acetate 
kinase and acetyl-coenzyme A synthase prove functional, strain SolV may be able 
to assimilate C2 compounds, and thus be physiologically classified as a facultative 
methanotroph (Semrau et al., 2011). The presence of a hydrogenase gene cluster 
points towards possible chemolithotrophic growth or the use of hydrogen to 
provide reducing equivalents for methane oxidation (Hanczár et al., 2002). A 
complex IV-type heme-copper oxidase gene cluster predicted the respiratory role 
of a terminal cytochrome c oxidase. 
 
Nitrogen metabolism 
 
Strain SolV was able to grow with ammonium, nitrate or dinitrogen gas as 
nitrogen source (see above). Coincidentally, genes were predicted for direct 
ammonium uptake (amtB) and assimilation (e.g. glutamine synthase, glnA; 
glutamate synthase, gltB; alanine dehydrogenase, ald) as well as for urea 
metabolism (urea hydrolase, ureABCDHFG; carbamoyl phosphate synthase, carA 
and carB). As in most other methanotrophs, however, the urea cycle is incomplete 
(i.e. lack of arginase; (Boden et al., 2011)). A full complement of genes for 
dinitrogen fixation, nitrate/nitrate transport and assimilation was also found. In 
addition, genes for nitrite reduction (nirK) and nitric oxide reduction (norB, norC), 
were identified but the inventory to encode nitrous oxide reduction was missing. 
Like in the genome of M. infernorum V4, a haoAB gene cluster encoding 
hydroxylamine oxidase was identified, suggesting the capability of nitrification and 
nitrosative stress handling (Nyerges et al., 2010; Nyerges & Stein, 2009; Stein & 
Klotz, 2011).  
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Table 1. Classification and general features of Methylacidiphilum fumariolicum SolV 
 
Property  Term 
Current classification 
Domain  Bacteria 
Phylum Verrucomicrobia 
Order Methylacidiphilales 
Family Methylacidiphilaceae 
Genera Methylacidiphilum 
Type strain SolV 
Site Thermal mud pot, (fangaia) Solfatara, Italy (pH 1-2, 50 °C) 
Gram stain Negative  
Cell shape Rod-shaped 
Cell width × Length 0.4-0.6 µm × 0.8-2.0 µm 
Motility Non-motile 
Resting stages (cysts, spores) Not observed 
Energy source CH4, with Ks  of  6 µM 
Oxygen requirements  Aerobic, with Ks of 0.7 µM 
Carbon source CO2  
Nitrogen source Ammonium, nitrate and N2 
Temperature range 40-65 °C 
Temperature optimum 55 °C 
pH range 0.8-5.8 
pH optimum 2 
 
Data were collected from Khadem et al. (2010), Khadem et al. (2011), Op den Camp et al. 
(2009) and Pol et al. (2007).  
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Conclusion  
 
The information provided by the draft genome sequence of M. fumariolicum 
SolV reported here will enable further transcriptomic and proteomic studies to 
unravel the fascinating metabolism of these and related verrucomicrobial 
methanotrophs.  
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Nitrogen fixing chemostat culture of Methylacidiphilum fumariolicum strain SolV.  
Picture by Ahmad F. Khadem. 
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Abstract 
 
The ability to utilize atmospheric nitrogen (N2) as a sole nitrogen source is an 
important trait for prokaryotes. Knowledge on N2 fixation by methanotrophs is 
needed to understand their role in nitrogen cycling in different environments. The 
verrucomicrobial methanotroph, Methylacidiphilum fumariolicum strain SolV was 
investigated for its ability to fix N2. Physiological studies were combined with 
nitrogenase activity measurements and phylogenetic analysis of the nifDHK genes, 
encoding the subunits of the nitrogenase. M. fumariolicum SolV was able to fix N2 
at low oxygen (O2) concentration (0.5 %, v/v) in chemostat cultures. This low 
oxygen concentration was also required for an optimal nitrogenase activity [47.4 
nmol ethylene h−1 (mg cell dry weight)−1]. Based on the acetylene (C2H2) reduction 
assay and growth experiments, the nitrogenase of strain SolV seems extremely 
oxygen sensitive compared to most proteobacterial methanotrophs. The activity of 
nitrogenase was not inhibited by ammonium concentrations up to 94 mM. This is 
the first report on physiology of N2 fixation within the phylum Verrucomicrobia. 
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Introduction 
 
Biological N2 fixation is essential to life. In this process nitrogen is taken from 
its relatively inert molecular form (N2) in the atmosphere and converted into 
ammonium according to the equation: N2 + 8H + 8e− + 16 ATP → 2NH3 + H2 + 
16 ADP + 16 Pi (Dixon & Kahn, 2004; Howard & Rees, 1996). The 
microorganisms performing this process are known as diazotrophs and they 
provide about 60 % of the annual nitrogen input into the biosphere (Newton, 2007). 
Diazotrophs are found in the domains Bacteria and Archaea and their lifestyle 
varies from free-living, loosely associated to symbiotic. The first methane-
oxidizing bacteria, or methanotrophs, capable of N2 fixation were isolated in 1964, 
referred to as Pseudomonas methanitrificans (Davis et al., 1964). Methanotrophs 
form an important sink for the greenhouse gas methane but the coupling between 
methane and nitrogen cycles is poorly understood (Murrell & Jetten, 2009). 
The microbial oxidation of methane may be coupled to the reduction of sulfate, 
nitrite or oxygen (Boetius et al., 2000; Hanson & Hanson, 1996; Raghoebarsing et 
al., 2006). The oxygen-consuming obligate aerobic methanotrophs are widespread 
in many natural environments (Conrad, 2009; Hanson & Hanson, 1996), where 
they feed on the methane produced by methanogens in the anoxic zones of these 
ecosystems. Until recently, all methanotrophs could be phylogenetically placed 
into 13 genera, belonging to the Gammaproteobacteria (type I) and the 
Alphaproteobacteria (type II) (Hanson & Hanson, 1996). However, in 2007, three 
research groups independently described novel thermoacidophilic methanotrophs 
isolated from geothermal areas in Italy, New Zealand, and Russia (Dunfield et al., 
2007; Islam et al., 2008; Pol et al., 2007). These methanotrophs represented a 
distinct phylogenetic lineage within the Verrucomicrobia and they belong to a 
single genus for which the name Methylacidiphilum was proposed (Op den Camp 
et al., 2009). Environmental clone libraries show that there is a large biodiversity in 
Verrucomicrobia and they are encountered in many ecosystems like soils, peat 
bogs, acid rock drainage, and landfill leachate, often in relative high numbers but 
having an unknown physiology (Wagner & Horn, 2006). However, the 
verrucomicrobial methanotrophs were obtained in pure cultures and a complete 
genome sequence was published for Methylacidiphilum infernorum strain V4 (Hou 
et al., 2008) while a draft genome analyses were made for Methylacidiphilum 
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fumariolicum strain SolV (Pol et al., 2007). As nitrogen is one of the compounds 
that limits bacterial growth in most ecosystems, the ability to utilize N2 as a sole 
nitrogen source is an important trait. Knowledge on N2 fixation by methanotrophs 
will help to understand their role in carbon and nitrogen cycling in different 
environments. Although it was first assumed that only type II and the type I 
moderately thermophilic Methylococcus strains were capable of N2 fixation 
(Oakley & Murrell, 1988), later the presence of both nifH gene fragments and 
acetylene reduction activity was demonstrated in a variety of type I and type II 
strains (Auman et al., 2001). Genetic and biochemical evidence was provided to 
show that N2 fixation capabilities are broadly distributed among methanotrophs. 
Recently, it was also demonstrated that the deep-sea anaerobic methane-oxidizing 
Archaea fix N2 and share the products with their sulfate-reducing bacterial 
symbionts (Dekas et al., 2009). 
Preliminary growth experiments and genome analyses indicated that also the 
Methylacidiphilum strains should be able to fix N2 (Op den Camp et al., 2009). The 
genomes of strain SolV and strain V4 show a complete set of necessary genes for 
N2 fixation (Op den Camp et al., 2009; Hou et al., 2008). Most of these genes and 
their organization in putative operons resemble those of Methylococcus capsulatus 
Bath (Ward et al., 2004), a Gammaproteobacterial methanotroph that has been 
shown to fix N2 (Oakley & Murrell, 1991).  
The aim of the research study was to elucidate N2 fixation by Methylacidiphilum 
fumariolicum SolV in more detail. Physiological studies were combined with 
nitrogenase activity measurements and analysis of the nifH gene encoding one of 
the subunits of the nitrogenase.  
 
 
 
 
 
 
 
 
 
 
Chapter Three                                   Nitrogen fixation by Methylacidiphilum fumariolicum strain SolV 
(Khadem et al., 2010) 52                        Microbiol-Sgm 156, 1052-1059 
Materials  methods  
 
Organism  
 
Methylacidiphilum fumariolicum, strain SolV used in this study was originally 
isolated from the volcanic region, Campi Flegrei, near Naples, Italy (Pol et al., 
2007). The pH and temperature optima for growth were 2 and 55 °C, respectively.   
 
Medium composition for growth 
   
The medium used in this study to grow strain SolV contained in g l1: 
MgCl2.6H2O, 0.08; CaHPO4.2H2O, 0.44; Na2SO4, 0.14; K2SO4, 0.35; (NH4)2SO4, 
0.26 and 1 ml l1 trace element solution (Schönheit et al., 1979) and 2 % (v/v) 
autoclaved fangaia soil extract (liquid obtained from the Fangaia mud pool at 
Pozzuoli in Italy), unless stated otherwise. The medium was brought to a pH value 
of 2 with 1 M H2SO4 before autoclaving. To prevent precipitations, CaHPO4.2H2O 
was dissolved in fangaia soil extract and was sterilized separately and added to the 
bulk of the medium after autoclaving and cooling. The concentration of ammonium 
(NH4+) in the fangaia soil extract may vary from 1 to 28 mM. Most of the 
experiments were performed with an extract containing 28 mM.  
 
Gas & ammonium analyses 
 
Methane (CH4), oxygen (O2), nitrogen (N2) and carbon dioxide (CO2) were 
analyzed on an Agilent series 6890 gas chromatograph (Agilent, USA) equipped 
with a Porapak Q and a Molecular sieve column and a thermal conductivity 
detector as described before (Ettwig et al., 2008). Ethylene (C2H4) and acetylene 
(C2H2) were analyzed with a Varian star 3400 gas chromatograph using a flame 
ionization detector and a Porapak N column (1.8 m  2 mm) with helium (He) as 
carrier gas. The injection, detector and oven temperature were 125, 250 and 90 °C, 
respectively. The gas chromatograph instruments were calibrated quantitatively for 
each gas by injecting dilutions of pure gasses or mixtures. For all gas analyses 
100 µl gas samples were injected with a glass syringe. 
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Ammonium concentrations were measured using the ortho-phthaldialdehyde 
(OPA) method (Taylor et al., 1974). 
 
Batch cultivation 
 
The effect of O2 concentrations on N2 fixation by strain SolV was tested in 1 
liter serum bottles, sealed with red butyl rubber stoppers. The batch incubations 
were performed in 50 ml nitrogen-free medium, without fangaia soil extract. The 
medium was inoculated with cells obtained from the early stationary phase and the 
inoculum size was always adjusted to achieve the same low initial optical density 
(OD600), varying between 0.08 and 0.12. The gas composition in the headspace was 
adjusted to 13 % and 8 % (v/v) for CH4 and CO2, respectively. O2 concentrations 
between 1 and 10 % (v/v) were tested. The experiment was started by incubating 
the bottles at 50 °C with shaking at 200 r.p.m. During the experiment, gas samples 
were removed from the bottle headspace and analyzed as described above. 
 
Chemostat cultivation 
 
The growth yield and stoichiometry of CH4 conversion to CO2 of strain SolV 
was determined using a chemostat, under N2 fixing conditions. The chemostat, 
liquid volume 300 ml, was operated at 55 °C with stirring at 750 r.p.m. with a 
stirrer bar. The chemostat was supplied with medium at a flow rate of 5.1 ml h1, 
using a peristaltic pump. The cell-containing medium was removed automatically 
from the chemostat by a peristaltic pump, when the liquid level reached the sensor 
in the reactor. Supply of CH4 (0.72 ml min1), N2 (0.46 ml min1) and CO2 (2.1 ml 
min1) took place by mass flow controllers through a sterile filter and sparged into 
the medium just above the stirrer bar. An O2 sensor in the liquid was coupled to an 
ADI1030 Biocontroler (Applikon) regulating the O2 mass controller to achieve a 
O2 saturation of 0.5 %. After steady state was reached, CH4 and O2 consumption 
and CO2 production were determined by measuring the ingoing and outgoing gas 
flows and the gas concentrations. The ingoing gas mixture now contained (all v/v) 
14 % CH4, 19 % O2, 12 % N2 and 54 % CO2 at a flow rate of 3.8 ml h1. The 
outgoing gas passed through a sterile filter with a flow rate of 2.8 ml h1, and 
contained (all v/v) 3 % CH4, 2.8 % O2, 16 % N2 and 79 % CO2. To determine the 
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dry weight concentration, triplicate 5 ml samples from the culture suspension were 
filtered through pre-weighed 0.45 µm filters and dried to constant weight in a 
vacuum oven at 70 °C.  
 
Nitrogenase assay 
 
Acetylene (C2H2) reduction has been shown to be a suitable assay for N2 fixation 
in methanotrophs (Dalton & Whittenbury, 1976; Murrell & Dalton, 1983; 
Toukdarian & Lidstrom, 1984). The nitrogenase activity assay was performed in 
120 ml serum bottles, sealed with grey butyl rubber stoppers. The black rubber 
stoppers proved to be inhibitory. For this assay 0.5 to 2 ml culture (1 mg dry 
weight) were used. For the acetylene assay routinely C2H2 and O2 in the headspace 
were set to be 2 % and 0.5 % (v/v), respectively. Because C2H2 is a potent inhibitor 
of the methane monooxygenase (MMO) (Dalton & Whittenbury, 1976; De Bont & 
Mulder, 1976), 0.1 % (v/v) methanol (CH3OH) was provided to the cell suspension 
as an alternative electron donor. The experiment was started by incubations of the 
bottles at 50 °C with shaking at 200 r.p.m. To measure the ethylene (C2H4) 
production, the gas phase in the bottles was sampled at fixed time intervals and 
analysed by gas chromatography. 
 
Phylogenetic analysis 
 
Representative nifH, nifD and nifK gene sequences, encoding the functional 
proteins of the nitrogenase complex, were obtained from GenBank. The genes were 
also extracted from the preliminary genome data of strain SolV (GenBank 
accession number GU299762). Conceptual translations into amino acids were 
performed and a concatenated set was created for alignment and phylogenetic 
analysis using MEGA 4 (Tamura et al., 2007). The evolutionary history was 
inferred using the neighbor-joining method (Saitou & Nei, 1987). The bootstrap 
consensus tree inferred from 500 replicates was taken to represent the evolutionary 
history of the taxa analysed (Felsenstein, 1985).  
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Results  discussion 
 
N2 fixation in batch cultures 
 
Although N2 fixation by the recently discovered methanotrophic 
Verrucomicrobia is claimed on basis of preliminary data (Dunfield et al., 2007) 
and the presence of their genetic potential (Op den Camp et al., 2009) there are no 
reports that show N2 fixation. 
Batch incubations of M. fumariolicum SolV in nitrogen-free medium (and 
without fangaia soil extract) showed that this methanotroph was able to fix N2. 
When M. fumariolicum cells from batch cultures in the late exponential phase 
(when ammonium was already depleted) were transferred to media with N2 as the 
sole source of nitrogen, and incubated at our standard oxygen concentrations (5-10 
%, v/v) some increase in OD600 was observed but this increase did not last long. 
We subsequently used cells that had reached the stationary phase. Transfers of 
these cells (at 5-10 % v/v O2) never showed any growth within 10 weeks. 
However, when initial oxygen concentrations were reduced to 2 % (v/v) O2 an 
increase in OD600 could be observed (Fig. 1A), indicating N2 fixation. In batch 
cultures such low oxygen concentrations cannot be maintained because of rapid 
oxygen consumption. Even at low cell densities (OD600 0.1), repeated additions of 
oxygen were necessary and concentrations fluctuated accordingly (Fig. 1B). This 
variation was also described by Dedysh et al. (2004). Such incubations at around 2 
% of O2 in the headspace resulted in linear growth (Fig. 1A). After decreasing the 
oxygen concentration to 1.3 % (v/v) and below, a short exponential growth phase 
was observed (Fig. 1B), but was experimentally difficult to reproduce. It was 
observed that in such bottles growth accelerated when oxygen concentrations were 
dropped below 1 % (v/v) and slowed down after adjusting the oxygen 
concentration to 1.5 % (v/v). 
In the above-described experiments, it took 13 days before the bacteria started to 
grow. When these (already) N2-fixing cultures were transferred into fresh nitrogen-
free medium, their lag phase was reduced to one day. The long adaptation is 
probably required for induction of the nitrogenase. As there is no free nitrogen 
available for this protein synthesis, the organism probably relies on the recycling of 
other proteins or the presence of some stored nitrogen.  
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Figure 1. (A) Batch cultivation of strain SolV in nitrogen-free medium with nitrogen 
gas as nitrogen source. Incubation with oxygen concentrations of between 0.5 and 1.5 
% (closed triangle), between 1 and 2 % (closed square), 5 % (open square) and 10 % 
(open triangle); and the control with 1 % oxygen in the absence of nitrogen (closed 
circle). (B) Due to practical limitation it was not possible to keep the oxygen 
concentration (open circle) constant in the batch bottles and frequently additions were 
required (arrows).  
 
 
When the stationary cultures were transferred to ammonium-containing media, 
exponential growth restored within 1 day, indicating that the long lag phase is not 
caused by inactivation of the metabolism.  
When a N2-free argon (Ar) gas phase was used no growth was observed, further 
supporting the conclusion that an active N2-fixing metabolism was present (Fig. 
1A).  
The requirement of low oxygen concentration for N2 fixation has also been 
demonstrated for Methylobacter luteus (< 2 % v/v), Methylocystis strain T-1 (< 6 
% v/v) and Methylococcus capsulatus Bath (< 10 % v/v) by batch cultivation under 
N2-fixing condition (Dedysh et al., 2004; Murrell & Dalton, 1983; Takeda, 1988). 
In contrast some other known methanotrophs are able to fix N2 at higher oxygen 
concentrations, like Methylosinus trichosporium OB3b (15-17 % v/v) and 
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Methylocapsa acidiphila B2T (atmospheric oxygen concentration) (Dedysh et al., 
2002; Dedysh et al., 2004). 
 
Nitrogenase assays 
 
The N2-fixing M. fumariolicum cells described above were tested for nitrogenase 
activity. The acetylene reduction assay showed that these growing cultures indeed 
possessed nitrogenase activity. After 3 hours of incubation with acetylene, linear 
ethylene production started for more than 8 hours at rates of 11.1 nmol h1 (mg dry 
weight cells)1 for the cells growing at around 1 % (v/v) O2. A linearly growing 
culture (up to 2 % v/v, O2) showed a reduced nitrogenase activity of 3.7 nmol h1 
(mg dry weight cells)1. Consistently, both the growth experiments and nitrogenase 
activity assays showed the detrimental effects of oxygen at concentration above 1 
% (v/v).   
The non-growing control culture with argon gas, where oxygen concentration 
was kept constant at around 1 % (v/v), also showed nitrogenase activity. After 3 
hours of incubation with acetylene, this culture showed linear ethylene production 
for more than 8 hours at a rate of 5.5 nmol h1 (mg dry weight cells)1. This activity 
represents the induction of the nitrogenase. The 3 h incubation time required before 
that linear ethylene production started was also observed for Methylococcus 
capsulatus Bath (Zhivotchenko et al., 1995).  
The differences in nitrogenase activity between the cultures grown at 1-2 % 
(v/v) O2 and below 1 % (v/v) O2 can be explained as a toxic effect of oxygen. 
Nitrogenase is known to be an oxygen-sensitive enzyme and can be irreversibly 
damaged by oxygen (Robson & Postgate, 1980). So it is plausible that part of the 
activity of this enzyme is lost during growth at 1-2 % (v/v) O2, resulting in the 
linear growth observed. 
Our results are in accordance with the concept that molecular oxygen is an 
important repressor of the transcription of nif genes (Rudnick et al., 1997) and that 
the presence of N2 is not needed for their activation. 
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N2-fixing chemostat cultures 
 
In contrast to batch cultures, chemostat cultivation has the advantage of a much 
better oxygen control, especially at low concentrations. A chemostat with medium 
containing 2 % (v/v) fangaia soil extract (resulting in an initial ammonium 
concentration of 0.5 mM) was inoculated with M. fumariolicum SolV. In the first 
period of incubation (about 7 days), no medium was supplied to the chemostat; 
influent and effluent pumps were switched off. The oxygen concentration in the 
medium in the chemostat was controlled at 0.5 % saturation. Exponential growth 
was observed during 2 days. The maximum growth rate (max) was 0.07 h1 
(corresponding to a doubling time of 10 h) which is identical to that of a batch 
culture with 5-10 % (v/v) O2 and indicates that oxygen is not limiting growth at 0.5 
% saturation.  Growth ceased (at an OD600 of 0.35) when the amount of ammonium 
from the fangaia soil extract was depleted (< 5 M, Fig. 2A). After one day of 
adaptation the cells resumed exponential growth, but now with N2 as the only 
nitrogen source at a max of 0.025 h1 (doubling time 27 h) (Fig. 2A). The rapid 
onset of N2 fixation is in contrast to the long lag phase in batch incubations, where 
only stationary-phase, nitrogen-depleted cells were able to start N2 fixation. 
Apparently the actively growing cells in a chemostat are able to synthesize the 
nitrogenase protein more rapidly than the fully depleted stationary-phase cells in 
batch culture. After an OD600 of 2 was reached, exponential growth ceased and the 
culture showed linear growth up to OD600 3.6, most likely due to CH4 gas-liquid 
transfer limitations (Fig. 2A). At that time (day 7) the influent and effluent pumps 
of the chemostat were switched on. The chemostat was now supplied with medium, 
at a dilution rate of 0.017 h1 (doubling time 40 h), well below the max observed in 
the batch phase. Although the soil extract added to the medium contains 
ammonium, the ammonium concentration in the chemostat remained below 
detection limit ( 5 µM). A stable steady state was reached in about 18 days (Fig. 
2B).  In the presence of ammonium, N2 fixation was not expected. Cells will start to 
fix N2 when the availability of nitrogen compounds becomes limiting, as was 
demonstrated for Methylococcus capsulatus Bath by Zhivotchenko et al. (1995). 
Furthermore, ammonium is an important repressor of the transcription of nif genes, 
as it was observed for diazotrophic species of Proteobacteria (Rudnick et al., 
1997).  
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Figure 2. (A) Growth (OD600) of strain SolV 
in chemostat, in nitrogen-free medium, with 
nitrogen gas as the only nitrogen source.  
After 2 days, ammonium from the fangaia soil 
extract had been consumed and exponential 
growth started. (B) On day 7 (arrow) the 
medium supply pump was switched on 
(dilution rate 0.017 h1) and the chemostat 
reached a steady state at day 18. 
 
 
 
The max of strain SolV under N2-fixing conditions was 2.8 times slower 
compared to growth on ammonium as nitrogen source (Pol et al., 2007). This was 
expected, because N2-fixation is an endergonic process, which needs about 16 mol 
of ATP per mol N2 fixed (Dixon & Kahn, 2004). Accordingly, the growth yield of 
3.5 g of dry weight cells per mol CH4 under N2 fixing conditions was almost two 
times lower than the yield with ammonium as nitrogen source (6.4 g dry weight per 
mol CH4; Pol et al., 2007). CH4 was converted to CO2 according to the 
stoichiometry CH4 + 1.62 O2 → 0.87 CO2 + 1.5 H2O + 0.13 CH2O (biomass). 
When compared to the stoichiometry of ammonium-grown cells (Pol et al., 2007), 
a slightly higher consumption of oxygen and production of carbon dioxide was 
found, which coincides with the lower cell yield. 
N2 fixation by cells of strain SolV grown in chemostat cultures, was confirmed 
by a nitrogenase activity assays. The incubation with acetylene showed linear 
ethylene production for more than 4 hours at a rate of 47.4 nmol h1 (mg dry 
weight cells)1. The rate is sufficient to sustain N2 assimilation in chemostat 
cultures with a doubling time of 40 h. Similar nitrogenase activity values were 
reported for type II and type X methanotrophs (Murrell & Dalton, 1983). The 
activity rate of the chemostat-grown cells is 4 times higher than for cells growing 
in batch culture at < 1 % (v/v) O2, indicating that 1 % (v/v) O2 is still detrimental 
for N2 fixation. In contrast to the inhibitory effect of ammonium on N2 fixation in 
growing cultures, concentration of ammonium up to 94 mM, did not have an effect 
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on the acetylene reduction activity of the nitrogenase. Rates were linear for more 
than 2 h. This was also observed for several species of Proteobacteria able to fix 
N2 (Rudnick et al., 1997). However, Murrell & Dalton (1983), suggested that 
ammonium may affect the activity of nitrogenase and not the synthesis of this 
enzyme. 
 
Oxygen optimum of SolV nitrogenase activity 
 
 The nitrogenase assay performed under 1 % (v/v) O2 resulted in nonlinear 
ethylene production, with both batch-grown cells and chemostat-grown cells. Fig. 3 
(A) shows ethylene production by batch-grown cells with pulse-wise addition of 
small amounts of oxygen. The effect of oxygen concentration on ethylene 
accumulation is clearly visible: e.g. addition of oxygen at day 3 slowed down 
production while the decreasing oxygen concentration from this point onwards 
resulted in an increase. This effect was explained by oxygen inhibition and was 
similar to the oxygen effect on growth in the N2-fixing batch incubations described 
above. 
To determine the optimum oxygen concentration for the SolV nitrogenase 
activity in whole cells, acetylene and oxygen in the headspace were set to be 2 % 
(v/v) and 0.1-8 % (v/v), respectively. The optimum of oxygen concentration for 
SolV nitrogenase activity was found at 0.5 % (v/v) (Fig. 3B). At lower oxygen 
concentrations the activity decreased, possibly due to oxygen limitation for energy 
generation. Nitrogenase activity was still observed at oxygen concentrations up to 1 
% (v/v), but at oxygen concentrations above 2 % (v/v) no nitrogenase activity was 
detected. This is in agreement with the results of batch incubations, where no 
growth was observed at head-space oxygen concentrations above 2 % (v/v) (Fig. 
1A) and favors the 0.5 % O2 saturation we used for the chemostat culture liquid 
medium as being optimal for growth under N2-fixing conditions. The oxygen 
requirement for the nitrogenase activity for other methanotrophs was 6 % (v/v) for 
Methylococcus capsulatus Bath, 2 % (v/v) for Methylosinus strain 6 and 0.5-1 % 
(v/v) for Methylocystis strain T-1 (Zhivotchenko et al., 1995; Toukdarian & 
Lidstrom, 1984; Takeda, 1988).  If we compare the nitrogenase assay with growth 
experiments in nitrogen-free medium, no activity of nitrogenase was observed in 
assays at oxygen concentrations above 1 % (v/v), while growth was observed even  
Chapter Three                                   Nitrogen fixation by Methylacidiphilum fumariolicum strain SolV 
(Khadem et al., 2010) 61                        Microbiol-Sgm 156, 1052-1059 
at 2 % (v/v) O2. This might be explained as a result of metabolic activity, which 
reduces the oxygen concentration in the cells. 
 
 
 
 
 
Figure 3. (A) Effect of oxygen concentration (open circle) on nitrogenase activity 
(closed triangle) of a N2-fixing batch of strain SolV. Additions of oxygen are 
indicated by arrows. (B) Cell suspensions of N2-fixing strain SolV were incubated at 
different oxygen concentrations, with methanol as the oxidizable carbon substrate. 
Ethylene production from acetylene was measured (closed square); 100 % activity is 
equal to 47.4 nmol C2H4 h1 (mg dry weight)1. 
 
 
Phylogenetic analysis of the nitrogenase 
 
 From the preliminary genome data it was clear that the important genes for N2 
fixation were present in strain SolV. The genes encoding the structural protein 
(nifH, nifD and nifK) and the genes encoding cofactor biosynthesis (nifE, nifN and 
nifX) are located in a putative operon (Fig. 4). BlastP searches with the translated 
genes from the operon revealed an 89 ± 6 % identity with the proteins of the 
closely related Methylacidiphilum infernorum V4. Proteins from α- and γ-
proteobacterial methanotrophs showed 72 ± 10 % identity. The Fe-protein from 
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strain SolV, encoded by nifH, was shown to possess the cysteines involved in 4Fe-
4S cluster coordination and the residues of the two Walker motifs (Howard & 
Rees, 1996). The other two structural proteins, encoded by nifD and nifK, also 
contain the conserved residues depicted by Howard & Rees (1996).  
Based upon NifH phylogeny the verrucomicrobial genes can be grouped with 
Cluster I NifH proteins (Zehr et al., 2003, Fig. 5). This cluster contains the 
conventional Mo-containing NifH proteins. The nitrogenase is believed to be an 
evolutionarily conserved protein complex (Howard & Rees, 1996). The high 
degree of sequence similarity among nitrogenase proteins may suggest either an 
early origin or lateral gene transfer among prokaryotic lineages (Postgate & Eady, 
1988). Although the early origin is supported by phylogenetic analysis of large sets 
of nitrogenase and 16S rRNA gene sequences (Postgate & Eady, 1988; Young, 
1992), comparative genomics analysis supports a scenario in which nitrogenases 
could have been dispersed by lateral gene-transfer mechanisms. 
 
 
nifH nifD nifK nifE nifN nifX ?
Structural proteins Cofactor biosynthesis  
 
 
Figure 4. Schematic representation of the nif operon organization in the genome of 
Methylacidiphilum fumariolicum SolV (GenBank accession number GU299762).  
 
 
Figure 5 (next page). Phylogenetic analysis of a representative set of NifH proteins. 
Bootstrap values (500 replicates) are shown at the branches. The bar represents 5 % 
sequence divergence. The neighbor-joining tree is drawn to scale and the evolutionary 
distances were computed using the Dayhoff matrix-based method and are in units of 
the number of amino acid substitutions per site. All positions containing alignment 
gaps and missing data were eliminated only in pairwise sequence comparisons 
(pairwise deletion option). There were a total of 332 positions in the final dataset. 
Phylogenetic analyses were conducted in MEGA 4 (Tamura et al., 2007). 
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The relation of verrucomicrobial nitrogenase to that of the Archaea and 
Proteobacteria was investigated by analysis of a concatenated set of the translated 
structural genes nifH, nifD and nifK, taken from representative available bacterial 
genome sequences. Two cyanobacteria were chosen as an out-group. The neighbor-
joining phylogenic tree (Fig. 6) calculated from the alignment showed that the 
verrucomicrobial nitrogenases group with those of Proteobacteria and acidophilic 
Leptospirillum species, the latter being members of the Nitrospirae that inhabit 
acid mine drainage. This finding seems to be more supportive of the lateral gene 
transfer scenario also in view of the grouping in the tree with a proteobacterial 
acidophile, Acidithiobacillus ferrooxidans. Based on growth experiments and the 
acetylene reduction assay, diazotrophy was demonstrated for Acidithiobacillus 
ferrooxidans and Leptospirillum ferrooxidans (Mackintosh, 1978; Norris et al., 
1995). It is believed that the acidophilic biofilms in acid mine drainage receive 
limited fixed carbon and nitrogen from external sources and therefore have to fix 
atmospheric CO2 and N2 (Tyson et al., 2005). For the Solfatara ecosystem less is 
known about the nitrogen availability. We have observed a high variety of 
ammonium concentrations in soil extract (see above). 
 
 
 
 
 
 
 
 
Figure 6 (next page). Phylogenetic analysis of a concatenated set of the derived 
amino acid sequences of the nifH, nifD and nifK genes. Representative sequences 
were obtained from sequenced genomes (http://www.ncbi.nlm.nih.gov/genomes/-
lproks.cgi). Bootstrap values (500 replicates) are shown at the branches. The bar 
represents 5 % sequence divergence. The neighbor-joining tree is drawn to scale; the 
evolutionary distances were computed using the Dayhoff matrix-based method and 
are in units of the number of amino acid substitutions per site. All positions 
containing alignment gaps and missing data were eliminated only in pairwise 
sequence comparisons (pairwise deletion option). There were a total of 1419 positions 
in the final dataset.  
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Conclusion 
 
Methylacidiphilum fumariolicum SolV was able to fix N2 under low oxygen 
concentration (0.5 % O2 saturation) in chemostat cultures at a dilution rate of 
0.017 h1. Based on the acetylene reduction assay and the growth experiments we 
conclude that the nitrogenase of strain SolV is extremely oxygen sensitive 
compared to most other proteobacterial methanotrophs.  
To our knowledge, this is the first report on the physiology of N2 fixation within 
the phylum Verrucomicrobia.  
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Abstract  
 
Genome data of the extreme acidophilic verrucomicrobial methanotroph 
Methylacidiphilum fumariolicum strain SolV indicated the ability of autotrophic 
growth. This was further validated by transcriptome analysis, which showed that 
all genes required for a functional Calvin-Benson-Bassham (CBB) cycle were 
transcribed. Experiments with 13CH4 or 13CO2 in batch and chemostat cultures 
demonstrated that CO2 is the sole carbon source for growth of strain SolV. In the 
presence of CH4, CO2 concentrations in the headspace below 1 % (vol/vol) were 
growth limiting and no growth was observed when CO2 concentrations were below 
0.3 % (vol/vol). The activity of the key enzyme of the CBB cycle, ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO), measured with a 13C stable-
isotope method was about 70 nmol CO2 fixed min1 (mg of protein)1. An immune 
reaction with antibody against the large subunit of RuBisCO on Western blots was 
found only in the supernatant fractions of cell free extracts. The apparent native 
mass of the RuBisCO complex in strain SolV was about 482 kDa, probably 
consisting of 8 large (53-kDa) and 8 small (16-kDa) subunits. Based on 
phylogenetic analysis of the corresponding RuBisCO gene, we postulate that 
RuBisCO of the verrucomicrobial methanotrophs represent a new type of form I 
RuBisCO. 
Chapter Four                                                                 Autotrophic methanotrophy in Verrucomicrobia 
(Khadem et al., 2011) 70     J Bacteriol 193, 4438-4446  
Introduction 
 
Methanotrophs are a unique group of microorganisms within the methylotrophs 
that oxidize methane (CH4) to carbon dioxide (CO2). Until 2007, the phylogenetic 
distribution of the aerobic methanotrophs was limited to the  and  subclasses of 
the Proteobacteria (Hanson & Hanson, 1996). In 2007, novel thermoacidophilic 
aerobic methanotrophs were discovered in geothermal areas in New Zealand, 
Russia and Italy (Dunfield et al., 2007; Islam et al., 2008; Pol et al., 2007). These 
methanotrophs represented a distinct phylogenetic lineage within the 
Verrucomicrobia, for which the genus name Methylacidiphilum was proposed (Op 
den Camp et al., 2009). 
Recently, methanotrophy was discovered in a member of the NC10 phylum. It 
was shown that ‘Candidatus Methylomirabilis oxyfera’, enriched under strict 
anoxic conditions, produces its own oxygen from nitrite (Ettwig et al., 2010). This 
oxygen is then used for CH4 oxidation in a biochemical pathway comparable to 
those of aerobic methanotrophs. 
During the aerobic oxidation of CH4 and methanol by proteobacterial 
methanotrophs, formaldehyde is produced. This central metabolite can be further 
oxidized to CO2 or directly assimilated via intermediates of the central metabolism. 
Based on the pathway used for formaldehyde assimilation, methanotrophs were 
divided into type I and type II. Type II methanotrophs use the serine pathway, in 
which formaldehyde and CO2 are utilized in a one-to-one ratio to produce acetyl 
coenzyme A (acetyl-CoA) for biosynthesis (Chistoserdova et al., 2009), while type 
I methanotrophs use the ribulose monophosphate pathway for the assimilation of 
formaldehyde to form glyceraldehyde-3-phosphate as an intermediate of central 
metabolism (Hanson & Hanson, 1996). In the latter pathway, all cellular carbon is 
assimilated at the oxidation level of formaldehyde. Genome data of some 
proteobacterial  methanotrophs (Methylococcus capsulatus Bath, Methylocella 
silvestris BL2 [Chen et al., 2010; Ward et al., 2004]) and non-proteobacterial 
aerobic methanotrophs (Methylacidiphilum infernorum V4, Methylacidiphilum 
fumariolicum SolV and ‘Candidatus Methylomirabilis oxyfera’ [Ettwig et al., 
2010; Hou et al., 2008; Op den Camp et al., 2009]), revealed the presence of 
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), the key enzyme of 
the Calvin-Benson-Bassham (CBB) cycle. M. capsulatus Bath was found to 
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contain RuBisCO in an active form (Stanley & Dalton, 1982), and genome analysis 
suggested that a variant of the CBB cycle may operate (Kelly et al., 2005; Ward et 
al., 2004). Although hydrogen seems to support moderate growth with CO2 on agar 
plates for M. capsulatus Bath and some other methanotrophs (Baxter et al., 2002), 
autotrophic growth in liquid cultures has not been reported. Marker exchange 
mutagenesis deleting the genes encoding RuBisCO may give definite answers on 
the exact role of RuBisCO, but unfortunately, a good genetic system for 
manipulation of these bacteria is lacking. 
Analyses of the complete genome sequence of M. infernorum strain V4 (Hou et 
al., 2008) and a draft genome of M. fumariolicum strain SolV showed that these 
two verrucomicrobial methanotrophs lack the key enzymes for both the ribulose 
monophosphate and serine pathways (Op den Camp et al., 2009). However, in this 
study, we show that a complete set of genes encoding the enzymes of the CBB 
cycle are present, which suggests that these methanotrophs may be able to fix CO2, 
probably using CH4 mainly as an energy source. The CBB cycle has been 
associated with a large use of ATP per mol of CO2 fixed (Chistoserdova et al., 
2009) and was thus never considered to be a likely pathway to support growth on 
CH4. In the present paper, we show, by applying 13CH4 or 13CO2 in growth 
experiments, that CO2 is the only carbon source for M. fumariolicum strain SolV 
during growth on CH4. With a transcriptome study of strain SolV, we show that all 
genes necessary for a complete CBB cycle are transcribed. The large and small 
subunits of RuBisCO turned out to be highly expressed. In addition, we developed 
a novel 13C stable-isotope enzyme assay to demonstrate the activity of RuBisCO. 
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Materials  methods 
 
Organism & medium composition for growth  
 
The M. fumariolicum strain SolV used in this study was originally isolated from 
the volcanic region Campi Flegrei, near Naples, Italy (Pol et al., 2007). The 
composition and preparation of the growth medium were described previously 
(Khadem et al., 2010). 
 
Transcriptome analysis 
 
 The available draft genome of strain SolV (Pol et al., 2007) was improved by 
adding data (30  106 75-nucleotide reads) from an Illumina sequencing run. Genes 
encoding the enzymes of the CBB cycle were identified by BLAST searches, and 
their DNA and protein sequences were used for transcriptome analysis. 
Exponentially growing cells were harvested by centrifugation, 3.1 mg (dry weight) 
cells was used for isolation of mRNA, and subsequent synthesis of cDNA (328 ng) 
was done as described before (Ettwig et al., 2010). The cDNA was used for single-
end Illumina sequencing (Ettwig et al., 2010). Expression analysis was performed 
with the RNA-Seq analysis tool from the CLC Genomics Workbench software 
(version 4.0; CLC bio, Aarhus, Danmark). 
 
Gas & protein analyses 
 
 Gas samples (100 µl) were analyzed for CH4 and CO2 on an Agilent series 6890 
gas chromatograph (GC) equipped with Porapak Q and molecular Sieve columns 
and a thermal conductivity detector (Ettwig et al., 2008). To quantify the molecular 
masses for 12CH4 and 13CH4 (16 and 17 Da) and for 12CO2 and 13CO2 (44 and 45 
Da), the same gas chromatograph was coupled with a mass spectrometer (GC-MS) 
(Agilent 5975C GC MSD; Agilent, Santa Carla, CA) (Ettwig et al., 2010). All gas 
concentrations are given in volume percentages (volume/volume). Protein 
concentrations were measured using the Bio-Rad protein assay kit (Bio-Rad 
Laboratories B.V., Veenendaal, the Netherlands). 
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13/12C IRMS analysis 
 
 The 13/12C ratio of biomass samples was determined using isotope ratio mass 
spectrometry (IRMS). The cells were harvested by centrifugation, and the pellet 
was washed with acidified water (pH 3) and dried overnight in a vacuum oven at 
70 °C. The dried material (about 0.04 mg) was analyzed on a Thermo Fisher 
Scientific EA 1110 CHN element analyzer coupled with a Finnigan DeltaPlus mass 
spectrometer. 
 
Batch cultivation 
 
 The effect of CO2 concentration on the growth of strain SolV was studied in 
batch cultures using 1-liter serum bottles containing 50 ml of medium and sealed 
with red butyl rubber stoppers. Incubations were performed in duplicate and at 55 
°C with shaking at 180 r.p.m., and mixtures contained 5 % CH4 and air as the only 
source of O2 and CO2. To remove dissolved CO2 originating from the inoculum, 
the cell suspension was flushed with sterile air for 10 min before inoculation.  
13CH4 experiments were done in 150-ml serum bottles containing 10 ml of 
culture medium, 40 % CO2, and 5 ml of 13CH4 (99 atom % 13C; Sigma-Aldrich). 
The bottles were inoculated with 0.25 ml of a culture of strain SolV. Initial and 
final gas concentrations and amounts, as well as mass ratios, were verified by gas 
chromatographic analysis using a pressure lock syringe. Recovery of 13C was 
calculated from 13C/12C ratio of CO2 and the total amount (moles) of gasses in the 
bottle. For calculating CO2 in the liquid phase, a partition coefficient of 1.066 
(gas/liquid ratio) at 21 °C was assumed (Weiss, 1974). At the end of the 
experiment, the biomass was used for the IRMS analysis. 
 
Chemostat cultivation  
 
13CH4- and 13CO2-labeling experiments were performed in continuous chemostat 
cultures under N2-fixing conditions as described before (Khadem et al., 2010). In 
the first experiment, 13CH4 (99 atom % 13C; Sigma-Aldrich) replaced the unlabeled 
CH4 in the inlet gas mixture of the chemostat. After a steady state was obtained, the 
13C-labeling percentage of the gases in the outlet of the chemostat was determined. 
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The ingoing gas now contained 4.7 % 13CH4 and 3.5 % 12CO2 at a flow rate of 10.7 
ml min1. The outgoing gas (10.3 ml min1) contained 2.5 % 13CH4, 3.1 % 12CO2, 
and 2.2 % 13CO2.  
In the second experiment, 13CO2 replaced the unlabeled CO2. 13CO2 was prepared 
by pumping a 0.6 M NaH13CO3 (99 % 13C) solution into a stirred solution (450 ml) 
of 1.2 M HCl in a closed 500-ml serum bottle. The argon gas supply of the 
chemostat was led via the headspace of this bottle, and once the 13CO2 
concentration was constant, it was supplied into the chemostat. The ingoing gas 
contained 4.6 % 12CH4, 0.07 % 12CO2, and 3.6 % 13CO2 at flow rate of 10.4 ml 
min1. The outgoing gas, with a flow rate of 10.3 ml min1, contained 2.3 % 12CH4, 
1.95 % 12CO2, and 3.2 % 13CO2. During the experiments, samples of chemostat 
culture were collected and used for the IRMS analysis of the biomass.  
Assuming that carbon in new biomass is labeled according to the label 
percentage of the CO2 present (XCO2) in the chemostat (i.e. gas outlet), the 13C-label 
percentage of biomass in the chemostat will develop over time according to the 
formula: XCO2  (1eDt), in which D represents the dilution rate (h1) of the reactor 
and t represents time (h).   
The ‘‘old’’ biomass in the chemostat at the moment we started the calculations 
washed out according to the formula Xold  (eDt). Xold is the 13C label percentage of 
biomass of the first sample taken, at the moment that the 13CO2 gas concentrations 
in the outlet reached steady state. This value was still close to the natural 
abundance of 13C in the biomass, as only a little 13CO2 was incorporated. The sum 
of new and old biomass percentages was taken as the predicted average 13C-label 
percentage of the chemostat biomass in the course of time during the supply of 
labeled gasses: Xt = XCO2  (1eDt) + Xold  (eDt). 
 
Recovery calculation of 13C from 13CH4 in CO2 & biomass  
 
The 13C recovery in biomass (see results [Table 1]) was calculated using the 
following formula: (mole fraction of formaldehyde  0.34  100) + (mole fraction 
of CO2  0.34  42). In this formula, the mole fraction refers to incorporation ratio 
of formaldehyde and CO2 into biomass, depending on the carbon assimilation 
pathway. The values 100 and 42 refer to the labelling percentages of formaldehyde 
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and CO2, respectively. The value 0.34 refers to the biomass produced according to 
the observed stoichiometry of CH4 oxidation (see Results).   
 
Cell extracts 
 
 Cells of an exponentially growing culture (9 liters, optical density at 600 nm 
[OD600] = 0.56) were collected by centrifugation (4,000  g, 4 °C, 10 min) and 
washed two times with 70 ml buffer {25 mM PIPES [piperazine-N,N′-bis-(2-
ethanesulfonic acid)]-NaOH, pH 7.5}. Finally, the cell pellet (9.6 g [wet weight]) 
was resuspended in 10 ml of PIPES-NaOH buffer. To this suspension (pH 7), one 
tablet of protease inhibitor cocktail (Boehringer, Mannheim, Germany) and 1 mg 
DNase I were added. Cells were broken by passing the cell suspension 3 times 
through a French press at 20,000 1b/in2. Unbroken cells and cell debris were 
removed from the resulting crude extract by centrifugation at 12,000  g for 20 min 
(4 °C, Sorvall SS-34 rotor). This resulted in a turbid supernatant, with increasing 
turbidity toward the bottom of the tube. The turbid cell extract was centrifuged 
again at 48,000  g for 40 min (4 °C). This resulted in clear reddish supernatant 
and a yellowish pellet (see picture 1). The clarified cell extract obtained was further 
ultracentrifuged, using a Sorvall Discovery with a 70.1 Ti rotor (150,000  g, 4 °C, 
60 min). This resulted in clear reddish supernatant and a tiny yellow transparent 
pellet (the same observation as the 48,000  g centrifugation step).  
 
Protein gel electrophoresis 
 
 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
native-PAGE were performed using a Mini-Protean 3 Cell (Bio-Rad) according to 
the method of Laemmli (Laemmli, 1970). Molecular weight standards were 
obtained from Fermentas and Invitrogen. For SDS-PAGE, protein samples (25 µg) 
were incubated at 95 °C for 10 min in loading buffer (6.5 % [vol/vol], glycerol, 
0.016 M Tris-HCl [pH 6.8], 0.5 % [wt/vol] SDS, 0.003 % [wt/vol] bromophenol 
blue and 1.3 % [vol/vol] β-mercaptoethanol). For native-PAGE, loading buffer 
without SDS and β-mercaptoethanol was used. Proteins in the gel were stained 
overnight by Coomassie brilliant blue G-250.  
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Protein bands from native gels were cut out and further analyzed by SDS-PAGE; 
bands (8.5 mm3) were incubated in 100 µl SDS-PAGE loading buffer at 95 °C for 
10 min, and incubated further overnight at 4 °C with gentle shaking. The eluted 
proteins were 10-fold concentrated and washed several times with Tris-HCl buffer 
(0.5 M, pH 6.8) using a 3k Vivaspin column (Sartorius Stedim Biotech) before 
loading on the SDS-PAGE gel. 
 
 
Picture 1. (A, left) Cell 
suspension of Methylacidi-
philum fumariolicum SolV. 
(A, right) Crude extract 
obtained by passing the cell 
suspension through a French 
press. (B) The reddish turbid 
supernatant with increasing 
turbidity toward the bottom 
of the tube, obtained after 
centrifugation of the crude 
extract at 12,000  g.  
(C) 12,000  g supernatant. 
(D) 12,000  g pellet.  
(E) 48,000  g supernatant. 
(F) 48,000  g pellet. 
 
 
Molecular mass determination of RuBisCO 
 
 For mass determination of RuBisCO, native-PAGE (see above) and size 
exclusion chromatography were applied. Clarified cell extract of strain SolV was 
passed through a column (16 mm by 130 cm) of Sephacryl S-300 HR (VWR). The 
column was preequilibrated with 20 mM phosphate buffer-100 mM NaCl (pH 7.2). 
After loading, the column was eluted with the same buffer at 0.5 ml min1 and 
column effluent was monitored at 280 nm. Protein fractions were collected using 
an automated fraction collector. Peak fractions were then subjected to SDS-PAGE 
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analysis. Calibration proteins obtained from Sigma were albumin egg (45-kDa), 
albumin bovine (66-kDa), alcohol dehydrogenase (150-kDa), apoferritin (443-
kDa), thyroglobulin (669-kDa), and blue dextran (2,000-kDa). 
 
MALDI-TOF MS analysis 
 
 Identification of the protein bands on the SDS-PAGE gels were performed by 
matrix-assisted laser desorption ionization-time of flight mass spectrometry 
(MALDI-TOF MS). Gel spots (about 5 mm3) were destained (solutions contained 
acetonitrile [30, 50, and 100 % vol/vol], diluted with 25 mM ammonium 
bicarbonate [NH4HCO3]), and dried, and the proteins were in-gel digested with 5 µl 
of trypsin (the solution contained 15 ng trypsin µl1 in a mixture of 25 mM 
NH4HCO3 and 5 mM n-octyl-ß-D-glucopyranoside) on ice for 1 h. The excess 
trypsin solution was removed, and the gel spot was covered with a solution 
containing 25 mM NH4HCO3 and 5 mM n-octyl-ß-D-glucopyranoside and was 
incubated overnight at 37 °C. The peptides were extracted by adding 4 µl of a 
mixture containing (all volume/volume) 50 % acetonitrile, 0.5 % trifluoroacetic 
acid (TFA), and 49.5 % 5 mM n-octyl-ß-D-glucopyranoside, followed by 1 h 
incubation at room temperature. The liquid was sonicated for 2 min in a water bath 
and dried in a vacuum centrifuge. The peptides were solved in 4 µl of TFA (0.1 %). 
The dissolved peptides (3 µl) were mixed with 0.3 µl of matrix solution (20 mg α-
cyano-4-hydroxycinnamic acid in 0.5 ml 0.1 % TFA and 0.5 ml acetonitrile), 
spotted on a stainless steel target plate, and analyzed on a Biflex III MALDI-TOF 
mass spectrometer (Bruker, Bremen, Germany) operating in the reflectron mode. 
Data analysis was performed using X-TOF software (Bruker, Bremen, Germany), 
and the Mascot search engine (Matrix Science Ltd., Boston, MA) was used to 
identify the proteins.  
 
Immunoblotting 
 
 The proteins from SDS-PAGE and native-PAGE gels were transferred to a 
nitrocellulose membrane by electroblotting at 100 mA for 45 min. The obtained 
blots were then prepared for immune reaction as previously described (van Niftrik 
et al., 2009). The polyclonal anti-RuBisCO, raised in rabbit using a synthetic 
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peptide, was used as primary antibody (product AS03 037; Agrisera, Vännäs, 
Sweden). This antibody was 3,300-fold diluted in blocking buffer. The monoclonal 
mouse anti-rabbit IgG alkaline phosphatase conjugate (Sigma catalog no. A2556) 
was used as the secondary antibody.  
 
Activity assay for RuBisCO. (i) Carboxylase activity 
 
 As an alternative to the radioisotope method, we developed a stable-isotope 
method for measuring RuBisCO activity. This was based on the incorporation of 
13CO2 into 3-phosphoglycerate (3-PGA) and subsequent destruction of 3-PGA by 
acid permanganate oxidation. The 13CO2 liberated was quantified by GC-MS as 
described above. The destruction of 3-PGA to liberate the carboxyl group was 
performed analogously to the destruction of lactate with permanganate and 
phosphoric acid (H3PO4), as previously described (Bird et al., 1978), which 
produces CO2 and acetate. We used 1 % potassium permanganate (KMnO4) in 0.1 
M H3PO4 instead of 5 % KMnO4 in 0.07 M H3PO4, and the temperature was 
lowered from 80 °C to 50 °C. Under such conditions, 15 min of incubation yielded 
1 mol of CO2 per mol of 3-PGA. This was verified by a series of 0.1 to 2 μmol of 
3-PGA in 3-ml Exetainer vials (Labco Limited, High Wycombe, United Kingdom). 
Ice-cold KMnO4 (500 μl) was added, and the vial was immediately closed with a 
screw cap with a rubber seal and incubated at 50 °C. A linear relation between the 
amount of 3-PGA and CO2 produced was measured (GC-MS analysis). Under 
stronger oxidative conditions, the initial production of CO2 was more rapid but 
followed by a continuous slow evolution of CO2. Apparently, the oxidation product 
of 3-PGA is prone to further oxidation. The final destruction conditions applied 
were 0.1 % KMnO4 in 0.1 M H3PO4 for 25 min at 50 °C. 
To limit the background production of CO2 and increase the sensitivity of the 
method, we used 20 mM phosphate buffer in the assay mixtures to replace the 
commonly used organic buffers. The only organic material present in the assay 
mixture now originated from the RuBisCO-containing samples. Apart from some 
CO2 from air, the major part of CO2 (> 80 %) present in the Exetainer vial after 
destruction resulted from the RuBisCO assay samples. As it reflects the sample 
amount, this CO2 could act as an internal standard when the ratio of 13CO2 to 12CO2 
was taken. This resulted in better time curves than those obtained using the 
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absolute amounts of 13CO2 produced in the destruction vial. Moreover, the GC-MS 
response for CO2 was varied over time, while the ratio of 13CO2 to 12CO2 was very 
constant. The ratio multiplied by the average total amount of CO2 in the destruction 
bottles from a time series was used to calculate the amount of 13CO2 produced. 
Time series were linear for 2 min. The standard RuBisCO assay was performed in 
a 2-ml vial (VersaVial; Alltech) containing 200 μl of Mg-phosphate buffer (20 mM 
potassium phosphate, 10 mM MgCl2, pH 6.9). Cell extracts diluted in 25 mM 
PIPES-NaOH, pH 7.5, to a total volume of 25 µl and NaH13CO3 (99 % 13C) (20 μl 
of a 100 mM stock) were added. The vial was closed immediately with a thin 
rubber cap (Alltech) to prevent the loss of CO2. The final pH in this mixture was 
pH 7.25 (at 50 °C), and the CO2 gas concentration was calculated to be 1.5 %. The 
vial was preincubated for 10 min at 50 °C in a water bath and the RuBisCO activity 
assay was started by adding 5 μl of stock solution of ribulose-1,5-bisphosphate (25 
mM) by a syringe through the rubber cap. The mixture was vortexed for 2 s and 
incubated further at 50 °C. Samples of 50 μl were taken through the stopper by a 
syringe every 30 s for 2 min. Samples were mixed with 20 μl of 0.5 M HCl in 3-ml 
Exetainer tubes and dried under vacuum at 45 °C. After destruction with 0.5 ml 
permanganate solution as described above and cooling down to room temperature, 
the vials were stirred on a vortex device to allow CO2 to equilibrate. The gas phase 
was measured for 13CO2 and 12CO2 by GC-MS analysis. 
 
Activity assay for RuBisCO. (ii) Oxygenase activity 
 
 The oxygenase reaction of RuBisCO was assayed in a Strathkelvin RC350 
respiration cell at a working volume of 0.7 ml. The assay buffer contained 50 mM 
HEPES and 10 mM MgCl2 (pH 7.2) and was air saturated at 50 °C. Unlabeled 
NaHCO3 was added in the range of 0 to 10 mM, and after addition of cell extract 
(12,000  g supernatant, 1 mg protein), the background O2 consumption was 
followed for 10 min before the addition of ribulose 1,5-bisphosphate (0.4 mM). 
After this addition, consumption rates increased immediately but then slowed 
down. 
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pH optimum for RuBisCO assay 
 
 The effect of pH on the activity was determined by setting the initial pH value 
of the Mg-phosphate buffer at values of 6.45, 6.6, 6.85 and 7.05. NaH13CO3 was 
added at 7, 9, 12 and 16 mM final concentrations, respectively. The final pH was 
verified at 50 °C in an up-scaled situation (10-ml tubes) to be 7.0, 7.22, 7.5 and 
7.75, respectively. Taking a dissociation constant (pKa) of 6.1 for carbonic acid 
(H2CO3) at 50 °C, the CO2 percentage in the gas phase was calculated to be 
between 1.4 and 1.7 %.  
 
Phylogenetic analysis 
 
 Representative CbbL and CbbS sequences, encoding the large and small 
subunits of RuBisCO, were obtained from GenBank and aligned using MUSCLE 
(Edgar, 2004) in MEGA 5.0 (www.megasoftware.net). Phylogenetic trees were 
calculated using the neighbor-joining method (Saitou & Nei, 1987) with 1,000 
bootstraps (Felsenstein, 1985) to infer the evolutionary relationship. Positions 
containing alignment gaps and missing data were eliminated only in pairwise 
sequence comparisons (pairwise deletion option). The Dayhoff matrix-based 
method was used to compute the evolutionary distances. 
 
Nucleotide sequence accession numbers 
 
The M. fumariolicum SolV genes reported in this study were extracted from the 
draft genome and submitted to GenBank under accession numbers JF706245 to 
JF706259 and JF714482. 
 
 
 
 
 
 
 
 
Chapter Four                                                                 Autotrophic methanotrophy in Verrucomicrobia 
(Khadem et al., 2011) 81     J Bacteriol 193, 4438-4446  
Results 
 
Growth of strain SolV at different CO2 concentrations  
 
Standard batch incubations of M. fumariolicum strain SolV with CO2 and CH4, 
both 5 %, resulted in exponential growth within one day. However, incubations 
without CO2 did not result in any growth on CH4, even after 40 days of incubation, 
indicating that CO2 was necessary for growth. This dependency was further 
investigated in a series of batch incubations in 1-liter bottles with air as the only 
source of CO2 (0.04 %) and 5 % CH4. In all incubations, we observed CO2 
production from CH4 during the initial period, at a rate directly depending on the 
inoculum size. As the CH4 oxidation was not coupled to growth, the CO2 
production rate decreased with time (Fig. 1A). Growth resumed only after CO2 had 
reached levels above 0.3 % (Figs. 1B and 1C). This indicated that growth of strain 
SolV is dependent on a minimum concentration of CO2 in the headspace. 
In order to circumvent endogenous CO2 production and to test the effect of non-
growth conditions on the viability of strain SolV, a culture was starved for CH4 for 
35 days (at 55 °C). When CH4 was subsequently added, CO2 production was hardly 
measurable, and no growth was observed for 7 days. Thereafter, when CO2 was 
added, growth resumed within 3 days (Fig. 2). 
From various growing cultures of strain SolV, the growth rate was determined at 
different prevailing CO2 concentrations. This was done for time intervals of about 6 
h, in which CO2 concentrations in the headspace did not changed more than 15 %. 
The results clearly showed the dependency of the growth rate on CO2 concentration 
(Fig. 3). The lowest CO2 concentration at which growth was observed was 0.3 % 
(doubling time, about 80 h), and the growth rate increased towards its maximal 
(doubling time, 10 h) at 1 % CO2. 
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Figure 1. Effect of CO2 concentration (closed circles) on growth of M. fumariolicum 
strain SolV in batch (closed triangles). Batch incubation with initial OD600 of 0.02 
(A), 0.05 (B) and 0.1 (C) were started with 5 % (vol/vol) CH4 and with air as the only 
O2 and CO2 source.  
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Figure 2. The effect of non-growth 
conditions on viability of M. 
fumariolicum strain SolV was tested 
in batch culture. SolV cells were 
starved for 35 days for CH4. On day 
35 CH4 (5 % [volume/volume]) was 
added and 7 days later CO2 was 
adjusted to 5 % (volume/volume) in 
the headspace. CH4 and CO2 
additions are indicated with arrows. 
CO2 % (closed circles), OD600 
(closed triangles). 
 
 
 
 
 
 
Figure 3. Doubling time of M. 
fumariolicum strain SolV at different 
CO2 concentrations (triangles). The 
growth rates of various growing 
cultures of strain SolV were 
determined at different prevailing 
CO2 concentrations. This was done 
for time intervals of about 6 hours, in 
which CO2 concentrations in the 
headspace did not change more than 
15 %.  
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13C-labeling experiments in chemostat cultures 
 
 Labeling experiments were performed to determine whether CO2 was the only 
carbon source in M. fumariolicum strain SolV. A CH4-limited chemostat culture at 
a dilution rate (D) of 0.016 h1 was used for this purpose. At steady state, gas 
concentrations in the inlet and outlet were analyzed, and CH4 consumption rate (ml 
min1  standard error of the mean [SEM]) was calculated to be 0.254  0.009 (n = 
4). The CO2 production rate (ml min1  SEM) was 0.167   0.01 (n = 4). This 
results in the following stoichiometry for carbon: 1 CH4  0.66 CO2 + 0.34 
biomass (CH2O). The biomass carbon can be derived either from CH4 oxidation 
intermediates or from CO2. 
 In the first experiment, the unlabeled CH4 supply of the chemostat was changed 
to 13CH4. The labeling percentages of the gases in the chemostat headspace reached 
steady state after 1.5 hours (42 % 13C for CO2 and > 99 % 13C for CH4), and the 
13CH4 consumption and 13CO2 production rates (ml min1  SEM) were calculated 
(0.254  0.009 and 0.226  0.002, respectively), thus resulting in a recovery (mean  
  SEM) of 89 %  3.3 % of the 13CH4 consumed.  
Even when all 13CH4 consumed is converted into 13CO2 and all biomass is 
derived from CO2, a total recovery in 13CO2 is not expected, as part of the 13CO2 
produced in the chemostat is incorporated into the biomass. With the above 
stoichiometry for carbon and a measured 42 % 13C-labeling percentage for CO2 in 
the chemostat, still 14 % (measured 13C-labelling percentage  moles of biomass) 
of the label will be incorporated into the biomass, and so only 86 % can be 
recovered as 13CO2 (Table 1).  
The measured 13C-labeling percentage of CO2 in the chemostat was in good 
agreement with the calculated value of about 40 %. This was calculated on the 
basis of the unlabeled CO2 in the inlet gas and the amount of 13CH4 converted into 
13CO2. 
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The increase in 13C percentage of the biomass in the chemostat culture in the 
course of time (Fig. 4A) was predicted under the assumption that all biomass was 
derived from CO2, at the current 13C label percentage of 42 %. Before the reactor 
was supplied with the 13C label, the percentage was 1.1, close to the natural 
abundance of 13C in CO2 gas (1.17 %). Measured values of the increase of the 13C 
percentage of the biomass followed exactly the predicted curve (Fig. 4B). 
The experiment was repeated with 13CO2 in the inlet gas of the chemostat and 
unlabeled CH4. The labeling percentage of CO2 in the outlet increased to 62 % after 
1.5 h (steady state). Unlabeled CO2 originated from oxidation of the unlabeled 
CH4. Again, the increase of the 13C percentage of the biomass followed the 
predicted curve (Fig. 4B), with the assumption that CO2 was the only carbon 
source.  
Within the first hours of the experiment, the increase of the 13C label percentage 
into biomass was assumed to be linear, and the 13C incorporation rate of the 
predicted curve for the 13CO2 experiment was calculated to be 1.5 times higher than 
the predicted curve for the 13CH4 experiment (Fig. 4B), in accordance with the 1.5-
times-higher label percentage (62 % versus 42 %). 
 
 
 
 
Figure 4. (A) Predicted percentage of 
13C-labeled biomass, for a 
M. fumariolicum strain SolV 
chemostat culture supplied with 13CH4 
(dashed line) and 13CO2 (solid line). 
(B) Measured percentages of 13C-
labeled biomass in the first 10 hours 
for a SolV culture supplied with 13CH4 
(circles) and 13CO2 (squares), 
combined with the predicted 
percentages. 
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13C-labeling experiments in batch cultures 
 
 The labeling study with 13CH4 in the chemostat culture always resulted in high 
13CO2 production from 13CH4 oxidation. This could have been circumvented by 
sparging much larger gas volumes through the reactor. This option was not used, 
since this is technically not feasible in our chemostat setup; instead, labeling 
experiments in two batch cultures with a high concentration (40 %) of unlabeled 
12CO2 and a relatively limited amount (3.2 %) of 13CH4 were performed. If all 
13CH4 was converted to 13CO2, the CO2 pool would be labeled for an additional 7.4 
% only (3.2 % /40 %  100). Concentrations of gasses and 13C/12C mass ratios of 
CO2 at the start of and after growth, when 80 to 95 % of the added CH4 was 
converted, were carefully measured. It could be calculated that in both bottles, at 
least 96 % of the label of 13CH4 was recovered as 13CO2. This pointed to complete 
oxidation of CH4 and the sole use of CO2 as the carbon source. 
If we assume that carbon assimilation by fixation of CO2 and that 0.34 mol CO2 
incorporated into biomass per mole CH4 converted, then close to 2 % of the total 
13C produced would have been incorporated. This makes the total 13C recovery at 
least 98 %. At the end of the experiment, the 13C/12C ratio of the biomass in both 
bottles was determined by IRMS. The analysis showed that 4.6 % of the biomass 
carbon was 13C labeled. This percentage was in very good agreement with the 
average measured 13C percentage of the CO2 during growth (1.2 % at the start of 
and 7.7 % at the end of growth, so an average 4.5 %) and again confirms that CO2 
is the main carbon source. 
 
RuBisCO in strain SolV 
 
 The labeling experiments described above showed that M. fumariolicum strain 
SolV fixes CO2, and the draft genome data of strain SolV contained a RuBisCO 
gene, encoding the key enzyme of the CBB cycle (see below). Therefore, cell 
extracts of strain SolV were tested for the presence of RuBisCO activity and 
analyzed by SDS-PAGE (13 % gel) and native-PAGE (5 % gel). 
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For the activity assay, we developed a method based on the 13CO2 incorporation 
into 3-PGA and its subsequent destruction in closed vials with acid permanganate 
solution. 13CO2 concentrations in the vial were quantified on basis of 13C/12C ratios 
as measured by GC-MS.  
Activity was proportional to the amount of turbid cell extract added 
(concentrations of 10 to 250 μg protein per 250 μl assay mixture were tested) and 
linear for 2 min (Fig. 5). No 13CO2 was incorporated without extract or the 
substrate ribulose-1,5-biphosphate (0.5 mM). Activity was optimal between pHs 
7.2 and 7.5. At pHs 7.7 and 7.0, activity dropped by about 10 %. When kept on ice, 
the activity in extracts was stable for at least a month. The specific activity of the 
turbid cell extract was 55 to 70 nmol CO2 fixed min1 (mg of protein)1. The 
oxygenase activity of RuBisCO measured at an oxygen concentration of around 
150 µM was about 4.5 nmol O2 min1 (mg of protein)1, and this activity was 
inhibited by the addition of NaHCO3 (50 % inhibition at 4 mM NaHCO3 [results 
not shown]). Virtually all the RuBisCO activity (> 90 %) appeared to be present in 
the clarified cell extract (48,000  g supernatant). The corresponding pellet 
contained only very small amounts of RuBisCO activity that could be attributed to 
a residual soluble fraction (Fig. 5).  
 
 
 
 
Figure 5. 13CO2 incorporation into 3-
PGA and its subsequent destruction in 
closed vials with acid permanganate 
solution. 13CO2 concentrations 
quantified in the vial represents M. 
fumariolicum strain SolV RuBisCO 
activity in turbid cell extract (12,000  
g supernatant, [triangles]) and in the 
pellet after centrifugation at 48,000  g 
(squares). 
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When the proteins in the crude extract were analyzed by 13 % SDS-PAGE, a 
consistent pattern of proteins was observed, which did not change upon subsequent 
centrifuging steps (Fig. 6A). Dominant bands (indicated with arrows) were cut out 
of the gel and identified by tryptic digestion and MALDI-TOF MS peptide mass 
analysis. The results showed that the upper band corresponded with the large 
subunit of RuBisCO, with a predicted mass of 53,930 Da, and the lower band 
corresponded to the small subunit of RuBisCO, with a predicted mass of 16,550 Da 
(Fig. 6A). The pellets obtained after the different centrifugation steps did not 
contain these bands (data not shown). In addition to the MALDI-TOF MS 
identification, immunoblotting with an antibody against the RuBisCO large subunit 
was done, and only the 53,930-Da band specifically reacted with this antibody 
(Fig. 6B, lanes 1 to 4). After being washed extensively with PIPES-NaOH buffer, 
pellets of 12,000  g and 48,000  g centrifugation steps (yielding intact cells and 
membranes) showed only a weak reaction with this antibody. In contrast, after 
washing of the 150,000  g pellet, a clear immune response band remained visible 
(data not shown), suggesting that RuBisCO is present as a high-molecular-mass 
complex that partly sediments at this high centrifugation speed. This was verified 
by analyzing all supernatants on a 5 % native-PAGE gel (Fig. 7A). The prominent 
band at about 536 kDa (Fig. 7A) showed an immunoreaction with the RuBisCO 
antibody (Fig. 7B). The corresponding protein band from an unstained native gel 
part was cut out of the gel. Proteins from the gel pieces were denatured, eluted, and 
loaded on a 13 % SDS-PAGE gel. This resulted in only 2 protein bands with 
molecular weights corresponding to the large and small subunits of RuBisCO (Fig. 
7C, lane 1). This was confirmed by the MALDI-TOF analysis and antibody 
reaction (data not shown). The native mass of RuBisCO was also determined by 
size exclusion chromatography, which showed a somewhat apparent lower 
molecular mass of about 482 kDa. Most likely, the native RuBisCO protein 
complex is composed of 8 small and 8 large subunits, with a calculated molecular 
mass of 563,840 Da.  
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Transcriptomics 
 
 Analyses of the draft genome of M. fumariolicum strain SolV revealed that the 
key genes needed for an operational ribulose monophosphate pathway, the 
hexulose-6-phosphate synthase and hexulose-6-phosphate isomerase genes, were 
absent (Pol et al., 2007). In addition, the crucial genes encoding key enzymes of 
the serine pathway, the malyl-coenzyme A lyase and glycerate kinase genes were 
not found. However, the genes needed for a full operational CBB cycle were 
present. All these genes were also transcribed (Table 2), as was verified by 
transcriptome analysis of exponentially growing cells, especially the genes 
encoding the large and small subunits of RuBisCO, which were highly transcribed. 
These results, together with the physiological and biochemical experiments 
described above, fully support the conclusion that strain SolV makes use of the 
CBB cycle to fix CO2 for carbon assimilation.   
 
Phylogenetic analysis of RuBisCO 
 
 RuBisCO enzymes can be grouped according to the structures, catalytic 
properties and gene arrangement into type I (A, B, C and D), II, III and IV 
(RuBisCO-like) (Badger & Bek, 2008). A neighbor-joining tree (Fig. 8) was 
constructed using representative cbbL sequences of each group. Also, for this 
analysis, the sequences of three (uncharacterized) mesophilic verrucomicrobial 
methanotrophs available from GenBank (accession numbers JF706245, JF706246 
and JF706247) were added. The verrucomicrobial RuBisCO enzymes formed a 
distinct group in the phylogenetic tree. The RuBisCO operons in M. fumariolicum 
strain SolV and M. infernorum strain V4 are arranged in the gene order cbbL cbbS 
cbbX (Fig. 9), which is typical for the type IC (Badger & Bek, 2008). In both 
strains, no genes involved in carboxysome formation were detected. The remaining 
genes of the CBB cycle (Table 2) are spread through the genome of strain V4, 
sometimes with two or three CBB cycle genes clustered. BLASTP searches with 
the M. fumariolicum SolV RuBisCO large subunit in environmental data sets did 
not result in sequences fitting into the distinct verrucomicrobial group. 
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Discussion 
 
Carbon fixation by methanotrophs has been a topic of research for decades, and 
the assimilation via the CBB cycle by proteobacterial methanotrophs is unlikely, 
because CBB is associated with high ATP requirements (Chistoserdova et al., 
2009). Although M. capsulatus Bath possesses CBB cycle genes (Ward et al., 
2004), physiological evidence for an active CBB cycle is lacking thus far. 
However, available genome data from verrucomicrobial methanotrophs (Hou et al., 
2008; Pol et al., 2007) point to an autotrophic lifestyle of these microbes.  
In the present study, the transcriptome analysis of M. fumariolicum strain SolV 
showed that all of the genes for the enzymes necessary for a CBB cycle are 
expressed, most prominently the genes encoding for RuBisCO. The cbbR gene 
(encoding the RuBisCO operon transcriptional regulator) is present, but its 
expression is low (only 0.1). On the V4 genome, this gene seems to be coupled to 
nitrate transport and reduction (Hou et al., 2008). Whether this gene is involved in 
regulation of the RuBisCO operon needs to be resolved. 
On SDS-PAGE gels, RuBisCO was identified as one of the most dominant 
proteins in the cell extracts of strain SolV. Using a novel 13CO2 incorporation 
assay, we showed the high specific activity of RuBisCO [70 nmol CO2 fixed min1 
(mg of protein)1]. This activity is similar to that reported for other autotrophic 
bacteria (Cannon & Shively, 1983) and corresponds well with the maximum 
specific growth rate of 0.07 h1 (doubling time, 10 h), assuming dry cells contain 
50 % carbon and 70 % protein.  
As RuBisCO was found only in the clarified cell extract, we conclude that 
RuBisCO is not densely packed into polyhedral inclusion bodies (carboxysomes), 
which generally sediment upon centrifugation at 10,000  g and 40,000  g 
(Gonzales et al., 2005; Price et al., 1992). In addition, the genome data did not 
show any proteins that could encode carboxysomal shell proteins. Carboxysomes 
are encountered in cyanobacteria and in a limited number of chemoautotrophs like 
sulfur- or sulfide-oxidizing and nitrifying bacteria (Yeates et al., 2008). These 
compartments are thought to enhance the concentration of CO2 for RuBisCO, 
which has a low affinity for CO2. Microorganisms, which contain carboxysomes, 
are able to grow at ambient CO2 concentration; however, our batch incubations 
have demonstrated that strain SolV needs a high CO2 concentration for growth 
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(above 0.3 %), in agreement with a free form of RuBisCO. Furthermore, the 
volcanic regions from which the verrucomicrobial methanotrophs were isolated 
exhibit high CO2 concentrations (Castaldi & Tedesco, 2005). In these 
environments, there is apparently no need to sequester CO2. 
Based on the apparent molecular masses of the native RuBisCO protein and the 
two subunits, we predict that it forms an octomeric complex (L8S8). This form of 
RuBisCO is typical for all form I RuBisCOs, which are composed of four large-
subunit dimers (L2) with small subunits (S) decorating the top and bottom of the 
L8 octomeric core (Tabita et al., 2008).  
Phylogenetic analysis and the gene arrangement of the RuBisCOs from two 
thermophilic Methylacidiphilum strains positions them in a separate cluster within 
form I RuBisCOs, for which we propose the name type IE. Based on gene 
arrangement, the verrucomicrobial RuBisCO is most closely related to RuBisCO 
type IC (Badger & Bek, 2008). The cbbX cbbS cbbL operon arrangement is typical 
for type IC and type IE and not typical for other form I enzymes. The IC form has 
medium to low affinity for CO2, indicating an adaptation to environments with 
medium to high CO2 but with O2 present, and microorganisms having type IC 
RuBisCO do not possess carboxysomes (Badger & Bek, 2008). This 
verrucomicrobial RuBisCO type has not been detected before by molecular 
approaches. This can be explained by the mismatches we observed when 
comparing the Methylacidiphilum-type cbbL sequence with all the available 
RuBisCO primers sets (Alfreider et al., 2009; Elsaied et al., 2007; Selesi et al., 
2007; Tourova et al., 2010). 
The 13C label percentage in the biomass of both the batch and the chemostat 
experiments was in complete accordance with the 13C label percentage of CO2 in 
the cultures and confirms that biomass carbon was derived exclusively from CO2. 
If CO2 is the only carbon source in M. fumariolicum strain SolV, it can be 
anticipated that CH4 is completely oxidized into CO2. This was demonstrated by 
the recovery study of 13CH4 (see Results). If intermediates of CH4 oxidation (which 
are fully 13C labeled) were incorporated, the recovery of label into CO2 would have 
been much lower: about 66 % for the ribulose monophosphate pathway and 79 % 
or 76 % for the serine pathway (see results [Table 1]).  
 
Chapter Four                                                                 Autotrophic methanotrophy in Verrucomicrobia 
(Khadem et al., 2011) 99     J Bacteriol 193, 4438-4446  
The autotrophic nature of verrucomicrobial methanotrophs has large 
consequences for their detection in the environment. The presence of active 
methanotrophs has been assessed by isotope-based techniques, like stable isotope 
probing and phospholipid fatty-acid labeling, which rely on the incorporation of 
labeled CH4 into DNA/RNA or lipids, respectively. Such methods will overlook 
the involvement of these autotrophic methanotrophs, especially in environments 
with high CO2 concentrations.   
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Conclusion 
 
M. fumariolicum strain SolV is an autotrophic methanotroph. It fixes CO2 via the 
CBB cycle, with CH4 as the energy source.  
It uses a non-carboxysome-associated RuBisCO, in agreement with a high 
requirement for CO2. RuBisCO in verrucomicrobial methanotrophs form a new 
group most closely related to type IC.  
To proof that M. fumariolicum, is an autotrophic microorganism, using the CBB 
cycle, knockout and complementation studies are required, but this has to await the 
development of a genetic system. 
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Abstract 
 
“Candidatus Methylacidiphilum fumariolicum” SolV is a verrucomicrobial 
methanotroph that can grow in extremely acidic environments at high temperature. 
Strain SolV fixes carbon dioxide (CO2) via the Calvin-Benson-Bassham cycle with 
methane as energy source, a trait so far very unusual in methanotrophs. In this 
study, the ability of “Ca. M. fumariolicum” to store carbon was explored by 
genome analysis, physiological studies and electron microscopy. When cell 
cultures were depleted for nitrogen, glycogen storage was clearly observed in 
cytoplasmic storage vesicles by electron microscopy. After cessation of growth, the 
dry weight kept increasing and the bacteria were filled up almost entirely by 
glycogen. This was confirmed by biochemical analysis, which showed that 
glycogen accumulated to 36 % of the total dry weight of the cells. When methane 
was removed from the culture, this glycogen was consumed within 47 days. During 
the period of glycogen consumption, the bacteria kept their viability high when 
compared to bacteria without glycogen (from cultures growing exponentially). The 
latter bacteria lost viability already after a few days when starved for methane. 
Analysis of the draft genome of “Ca. M. fumariolicum” SolV demonstrated that all 
known genes for glycogen storage and degradation were present and also 
transcribed. Phylogenetic analysis of these genes showed that they form a separate 
cluster with “Ca. M. infernorum” V4, and the most closely related other sequences 
only have an identity of 40 %. This study presents the first physiological evidence 
of glycogen storage in the phylum Verrucomicrobia and indicates that carbon 
storage is important for survival at times of methane starvation. 
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Introduction 
 
The use of methane (CH4) as carbon and energy source distinguishes the aerobic 
methanotrophs as a unique group within the methylotrophs. Aerobic methanotrophs 
are found within the Proteobacteria, Verrucomicrobia and the NC10 phylum 
(Ettwig et al., 2010; Hanson  Hanson, 1996; Op den Camp et al., 2009; Semrau 
et al., 2010).  
The verrucomicrobial methanotrophs, for which the genus name 
“Methylacidiphilum” was proposed (Op den Camp et al., 2009), were recently 
discovered. They were isolated in pure cultures from volcanic regions (Dunfield et 
al., 2007; Islam et al., 2008; Pol et al., 2007), which may be important natural 
sources of methane (Castaldi  Tedesco, 2005; Kvenvolden  Rogers, 2005). The 
verrucomicrobial methanotrophic bacteria are able to grow in these highly acidic 
and hot conditions and might have an essential role in reducing global methane 
emissions into the atmosphere.  
“Ca. Methylacidiphilum fumariolicum” strain SolV is one of the 
thermoacidophilic verrucomicrobial methanotrophs and its physiology has been 
studied in some detail. This microorganism can use ammonium, nitrate or 
atmospheric nitrogen as nitrogen source (Khadem et al., 2010; Pol et al., 2007), 
and fixes carbon dioxide (CO2) into biomass via the Calvin-Benson-Bassham 
cycle, using methane as its energy source (Khadem et al., 2011). The latter is in 
contrast to proteobacterial methanotrophs that use formaldehyde in the ribulose 
monophosphate pathway (type I) or the serine pathway (type II) for carbon 
assimilation (Chistoserdova et al., 2009; Semrau et al., 2010). 
This study focuses on the growth response of “Ca. M. fumariolicum” during 
nitrogen depletion. When nitrogen is limited and carbon compounds are in excess, 
methanotrophs, as many other bacteria (Wanner  Egli, 1990 and references 
therein), start to accumulate carbon-rich reserve polymers, such as poly-3-
hydroxybutyrate (PHB) or glycogen (Eshinimaev et al., 2002; Linton & Cripps, 
1978; Pieja et al., 2011 a and references therein). The cells of “Ca. M. 
fumariolicum” are rod-shaped and have a length of 0.8-2.0 µm and a width of 0.4-
0.6 µm (Op den Camp et al., 2009). Electron microscopy demonstrated the 
presence of intracellular inclusions in all three “Methylacidiphilum” strains (Islam 
et al., 2008; Op den Camp et al., 2009; Pol et al., 2007), which might represent 
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storage material. Genes encoding for PHB synthesis are absent from the genomes 
of the “Methylacidiphilum” strains, as is also the case for type I proteobacterial 
methanotrophs (Hou et al., 2008; Khadem et al., 2012 b; Pieja et al., 2011 a). 
However, based on the draft genome of “Ca.  M. fumariolicum”, genes encoding 
for glycogen metabolism are predicted (Khadem et al., 2012 b).  
This study combines growth experiments, transcriptome analysis, electron 
microscopy and biochemical analysis to elucidate the ability of glycogen storage in 
“Ca. M. fumariolicum” SolV.  
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Materials  methods 
 
Organism & medium composition for growth 
 
 “Ca. Methylacidiphilum fumariolicum” strain SolV used in this study was 
originally isolated from the Solfatara volcano, near Naples, Italy (Pol et al., 2007). 
“Ca. M. fumariolicum” was grown in the standard medium (pH 2) as described 
before (Khadem et al., 2010), with 10 % (v/v) liquid mud pool extract and 2 mM of 
ammonium. 
 
Materials 
 
13C-labeled CO2 was prepared by injecting a 0.6 M NaH13CO3 (99 % 13C) 
solution into a solution of 1.2 M HCl in a closed 60 ml serum bottle. The 
headspace was then used as source of 13C-labeled CO2. 13C-labeled CH4 (99 % 
atom % 13C) was obtained from Sigma-Aldrich. 
 
Fed-batch cultivation  
 
Cultivation of “Ca. M. fumariolicum” SolV was performed in a 10 L fermentor 
(Applikon, Schiedam, the Netherlands). The medium (5 liter) contained 1.2 mM 
ammonium. A gas mixture of (all in v/v); 9.5 % methane (CH4), 23.9 % carbon 
dioxide (CO2) and 66.6 % air, was supplied to the fermentor in a continuous flow. 
The oxygen sensor showed a dissolved oxygen level of 8.8 % at the onset of 
cultivation. The pH of the medium was set with sulfuric acid at pH 2 and remained 
close to pH 2 during growth. The temperature and agitation speed were set to 55 °C 
and 1,000 r.p.m., respectively.  
To determine the dry weight, samples of 10 ml from the culture suspension were 
filtered through pre-weighed 0.45 µm filters and dried to constant weight in a 
vacuum oven at 70 °C.  
 
Batch cultivation 
 
Batch incubations were performed in serum bottles containing 5 % (v/v) 
medium. The bottles were sealed with red butyl rubber stoppers (Rubber B.V., 
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Hilversum, the Netherlands). The headspace contained air as the source of oxygen, 
and CH4 and CO2 concentrations of 10 % and 5 % (v/v), respectively. The 
incubations were performed in duplicate at 55 °C with shaking at 180 r.p.m.  
In the experiments where methane was removed from the bottles, the cell 
suspension was sparged with air for about 5 min and 5 % (v/v) CO2 was added 
after sealing.  
 
Cell extracts 
 
Cells were collected by centrifugation (4,000  g, 4 °C, 10 min). The cell pellet 
was washed twice in phosphate-buffer (20 mM, pH 7.1) and resuspended in the 
same buffer. The suspension, which had a final pH of 6, was passed 4 times 
through a French press at 20,000 psi and cell lysis (at least 90 %) was confirmed by 
counting DAPI stained cells with light microscopy. Unbroken cells and cell debris 
were removed from the resulting crude extract by centrifugation at 12,000  g for 
30 min (4 °C, Sorvall SS-34 rotor).  
 
Gas analysis 
 
Methane (CH4) was analyzed on a HP 5890 gas chromatograph (Agilent, USA) 
equipped with a Porapak Q column (1.8 m  2 mm) and a flame ionization 
detector. 12C and 13C-labeled carbon dioxide (CO2) were analyzed on an Agilent 
series 6890 gas chromatograph (Agilent, USA) equipped with a Porapak Q and a 
Molecular sieve column, coupled to a thermal conductivity detector and mass 
spectrometer (GC-MS) (Agilent 5975C inert MSD; Agilent, USA) as described 
before (Ettwig et al., 2008). For all gas analyses, 100 µl sample of gas was injected 
into the gas chromatograph.   
 
Elemental analysis 
 
The cells were harvested by centrifugation, after which the pellet was washed 
with demineralized water and dried overnight in a vacuum oven at 70 °C. The dried 
material (about 0.4 mg) was analyzed on a Thermo Fisher Scientific EA 1110 CHN 
element analyzer coupled to a Finnigan DeltaPlus mass spectrometer.   
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Ammonium & protein analyses 
 
Ammonium concentrations were measured using the ortho-phthaldialdehyde 
(OPA) method (Taylor et al., 1974). Protein concentrations were measured using 
the bicinchoninic acid (BCA) assay as described before (Ettwig et al., 2008). 
 
Light microscopy  
 
Cell numbers were determined by counting cells in 30 fields (volume per field 
2.5  108 cm3) of a hemocytometer slide, using an Axioplan 2 imaging phase 
contrast microscope (Carl Zeiss B.V.).  
 
Glycogen assay 
 
The concentration of glycogen in the crude extracts was determined by a two-
step enzymatic assay. To enhance the enzyme accessibility of the glycogen 
granules, crude extracts were first shaken for 10 minutes at 30 s1 with glass beads 
(80-110 μm in diameter) in a Retsch MM 301 ball mill. The bead-beaten crude 
extracts (in triplicate) were then incubated with amyloglucosidase (35 units per ml 
crud extract in the case of transition phase I and II cells, and 17.5 units per ml 
crude extract for the exponential phase cells) from Aspergillus niger (Sigma 
Aldrich) in 0.05 M acetate buffer (pH 4.8) for 4 h at 45 °C to convert glycogen into 
glucose. In the second step the resulting glucose was quantified by the glucose 
oxidase kit (Sigma Aldrich). To correct for the amount of glucose already present 
in the crude extracts, controls of bead-beaten crude extracts that did not undergo 
amyloglucosidase incubation were also analyzed.  
 
Chemical fixation & Epon embedding 
 
“Ca. M. fumariolicum” cells were fixed in Karnovsky fixative (2 % 
paraformaldehyde, 2.5 % glutaraldehyde, 0.025 mM CaCl2 and 0.05 mM MgCl2 in 
0.08 M sodiumcacodylate buffer pH 7.4) at 4 °C for a maximum of 17 days. The 
cells were then resuspended in 0.1 M sodiumcacodylate buffer (pH 7.4) for 15 min, 
followed by a post-fixation for 2 h in 1 % OsO4 and 1.5 % K4FeCN6 in 0.08 M 
sodiumcacodylate buffer (pH 7.4) on ice in the dark. After washing with MilliQ 
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water, the cells were dehydrated in a graded ethanol series (70-100 %). Samples 
were gradually infiltrated with Epon resin. Polymerization of Epon took place at 60 
°C for 72 hours. Ultrathin sections (60-70 nm) of the Epon-embedded cells were 
cut with the use of a glass knife in a Leica Ultracut UCT microtome.  
Before investigation, the sections were post-stained by incubating the grids on 
drops of 4 % uranyl acetate in MilliQ water (30 min in the dark) and 2 min in 
Reynolds lead citrate stain (Reynolds, 1963), with MilliQ washing in between and 
afterwards. The sections were then investigated in a TEM 1010, JEOL transmission 
electron microscope. 50 cells were used for each analysis. 
 
Polysaccharide (glycogen) stain 
 
Ultrathin sections of chemically fixed “Ca.  M. fumariolicum” cells (as described 
above) were treated with the polysaccharide stain as described previously (van 
Niftrik et al., 2008). In this method, electron dense silver albumin aggregates 
indicate the presence of polysaccharide molecules. 
 
Glycogen metabolism genes 
 
Genes encoding proteins involved in glycogen metabolism were identified in the 
available draft genome of strain SolV by Blast searches, (Khadem et al., 2012 b) 
which also showed amino acid identities to homologous proteins. Representative 
reference glgA sequences, encoding the glycogen synthase, were obtained from 
GenBank and aligned using the MUSCLE aligner in MEGA 5.0 (Tamura et al., 
2011). Phylogenetic trees were calculated using the neighbor-joining method with 
1,000 bootstraps to infer the evolutionary relationship. Positions containing 
alignment gaps and missing data were eliminated only in pairwise sequence 
comparisons (pairwise deletion option). The Dayhoff matrix-based method was 
used to compute the evolutionary distances.  
For transcriptome analysis RNA was extracted from exponentially growing cells 
as described before (Khadem et al., 2011). After synthesis of cDNA, single-end 
Illumina sequencing was performed and transcription analysis was performed using 
the RNA-Seq Analysis tool from the CLC Genomic Workbench software (version 
5.0, CLC-Bio, Aarhus, Danmark) and values are expressed as RPKM (Reads Per 
Kilobase of exon model per Million mapped reads; Mortazavi et al., 2008). 
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Results 
 
Growth response of “Ca. M. fumariolicum” upon nitrogen 
depletion 
 
In order to study the growth response of “Ca. M. fumariolicum” SolV upon 
nitrogen depletion, the bacteria were cultivated in a fermentor with methane in 
excess and ammonium as nitrogen source. The dissolved oxygen concentration in 
the culture was always maintained above 2 % O2 which prohibits nitrogen fixation 
to occur (Khadem et al., 2010). After ammonium was depleted, an unexpectedly 
large increase in optical density was observed that occurred in two phases (Fig. 
1A). During the first phase (transition phase I) that lasted 1.5 days, both the cell 
numbers and optical density doubled. At the end of this phase a shoulder in the 
optical density curve was observed. This seemed to be caused by the fact that 
growth of the culture stopped, because cell numbers remained more or less 
constant (Figs. 1A and 1B). However, the optical density still increased for 7 more 
days (transition phase II).  
To exclude any possibility of nitrogen fixation following ammonium depletion, 
the nitrogen in the headspace of the batch incubations was replaced by argon. 
Before starting the batch incubation, the cultures undergoing exponential growth 
were washed and put in an ammonium-free medium (methane was present). In 
these bottles, the same growth pattern was observed as in bottles with nitrogen in 
the headspace. 
 
 
Figure 1 (next page). Growth response of “Ca. M. fumariolicum” SolV upon 
ammonium depletion. (A) Growth was monitored by measuring increase in optical 
density (closed triangles) and dry weight (open circles). Error bars represent S.E.M. 
(n = 4). Concentration of ammonium is represented by open triangles. After 1.5 days 
of exponential growth (μmax = 0.07 h1) ammonium was depleted and two phases were 
observed, indicated by dashed lines and the symbols I and II. At day 11 (arrow), cell 
cultures were diluted into ammonium containing medium, but without methane 
added. To compare with the original optical density and cell numbers, values were 
multiplied by the dilution factor. (B) Cell numbers per ml cell culture of “Ca. M. 
fumariolicum” SolV (solid circles). Error bars represent S.E.M. (n = 30). (C) Total 
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protein (solid line), determined in the crude extracts prepared from harvested cells and 
carbon to nitrogen ratio of the harvested cells (dashed line). Error bars represent 
S.E.M. (n = 4-5). 
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In addition, growth by uptake of exogenous sources of nitrogen (produced 
during the exponential phase by “Ca. M. fumariolicum”) was excluded. This was 
done by incubating washed cultures from the exponential phase in medium 
obtained from a culture at the end of transition phase II. Since no increase in 
growth parameters was observed in these transition phase II cultures, it could be 
concluded that all nitrogen in the medium was depleted by the cultures. Again, the 
same growth pattern was observed as for transition phase I. Moreover, the protein 
content of the culture remained constant after ammonium depletion (Fig. 1C). 
The changes during transition phase I were studied in more detail in separate 
cultures with higher cell concentrations (higher initial ammonium concentration). 
These yielded more accurate dry weight values and allowed preparing adequate 
quantities of crude cell extracts. Cultures grew exponentially till ammonium was 
depleted, after which the metabolic rate changed abruptly as indicated by a sharp 
increase in the dissolved oxygen concentration and the growth rate dropped 
gradually (Fig. 2A). The total nitrogen content of the culture remained constant as 
inferred from analysis of crude extract of harvested cells (Fig. 2B). As cell 
numbers (Fig. 1B), total carbon and dry weight were all almost doubled during this 
phase (Figs. 2B and 2C) and cells maintained their normal size, the protein content 
per cell must have been reduced by half. The consequence of this change of protein 
content of the cell wall and cytosol was investigated by analyzing the pellet and 
supernatant fractions of crude extracts of cells at the start (exponentially grown) 
and the end of transition phase I. When expressed per ml culture, a clear shift of 
proteins and total nitrogen was observed from the supernatant to the pellet fraction, 
for which the protein content almost doubled (Figs. 3A and 3B). As the cell 
numbers in the culture doubled, it means that when results are expressed per cell, 
the protein and total nitrogen content of the pelleted fraction remained constant at 
the expense of the supernatant fraction of which the proteins content dropped by a 
factor of 3 (Figs. 4A and 4B). In contrast to total nitrogen, total carbon in the pellet 
fraction increased more than 4 times for the total culture and more than 2 times 
when expressed per cell (Figs. 3C and 4C). This high content of carbon pointed to 
intracellular particulate storage material. 
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Figure 2. Growth response of “Ca. M. fumariolicum” SolV upon ammonium 
depletion during transition phase I (the start is indicated by the dashed line). (A) The 
optical density (closed triangles), ammonium (open triangles) and dissolved oxygen in 
culture medium (open circles). (B) Total nitrogen (closed squares) and total carbon 
(open squares). (C) Dry weight (open circles). Error bars represent S.E.M. (n = 5). 
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Figure 3. The distribution 
calculated per ml of cell 
culture of (A) total protein, 
(B) nitrogen and (C) carbon 
over cell wall and cytosol at 
the beginning (grey bars) and 
end (dashed bars) of 
transition phase I in the crude 
extract, 12,000  g 
supernatant and 12,000  g 
pellet. This experiment was 
performed with exponential 
cells that had reached an 
optical density of 0.5 (see 
Fig. 2A). The amount of total 
protein and total nitrogen in 
this exponential cells were 
normalized to values from 
cells obtained at the start of 
transition phase I, since total 
protein (see Fig. 1C) and 
total nitrogen (see Fig. 2B) 
stabilized after ammonium 
depletion. The total carbon of 
the exponential cells was 
normalized to values from 
cells obtained at the end of 
the exponential growth phase 
(at optical density of 1.12). 
Error bars represent S.E.M. 
(n  4).  
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Figure 4. The distribution 
calculated per cell of (A) 
total protein, (B) nitrogen  
and (C) carbon over cell wall 
and cytosol at the beginning 
(grey bars) and end (dashed 
bars) of transition phase I in 
the crude extract, 12,000  g 
supernatant and 12,000  g 
pellet. This experiment was 
performed with exponential 
cells that had reached an 
optical density of 0.5 (see 
Fig. 2A). The amount of total 
protein and total nitrogen in 
this exponential cells were 
normalized to values from 
cells obtained at the start of 
transition phase I, since total 
protein (see Fig. 1C) and 
total nitrogen (see Fig. 2B) 
stabilized after ammonium 
depletion. The total carbon of 
the exponential cells was 
normalized to values from 
cells obtained at the end of 
the exponential growth phase 
(at optical density of 1.12). 
Error bars represent S.E.M. 
(n  4).  
 
 
This storage seems to continue in transition phase II, where the carbon to 
nitrogen ratio and dry weight increased at stabilizing cell numbers (Fig. 1). Storage 
of an insoluble form of carbon was most evident from the strong increase in the 
carbon to nitrogen ratio of the pellet fraction of crude cell extract in both phases 
(Fig. 5). 
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Figure 5. Carbon to nitrogen ratio (mg/mg) in the crude extract, 12,000  g 
supernatant and 12,000  g pellet prepared from cells harvested in the exponential 
phase (grey bars), at the end of transition phase I (dashed bars) and II (white bars). 
Error bars represent S.E.M. (n = 3). 
 
 
Transmission electron microscopic investigation of the cells 
 
The ultrastructure of “Ca. M. fumariolicum” cells from three different growth 
phases (exponential, end transition phase I and II) was studied by transmission 
electron microscopy. Circular or ellipsoid (electron light) bodies were observed in 
high amounts in cells at the end of transition phase I and II (Fig. 6 (white arrows) 
and Table 1). This resulted in a dense occupation of the whole cell area (as seen in 
the thin-sections) by these bodies. A specific electron microscopical stain 
performed on cells from transition phase II confirmed that these bodies consist of 
polysaccharide (Fig. 7). In exponential cells these bodies could be discriminated, 
but only in low numbers and smaller in size. 
In addition, some “Ca. M. fumariolicum” cells feature an elliptical to circular 
body (100-200 nm in diameter) of high electron density (appears black in images; 
Fig. 6 (black arrows)). In most cases only one of these electron dense bodies seems 
to be present per “Ca. M. fumariolicum” cell, although dividing cells occasionally 
show two electron dense bodies.  
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Figure 6. Transmission electron micrographs showing chemically fixed, Epon-
embedded thin sections of M. fumariolicum cells in different growth phases. (A) Cell 
from the exponential phase. (B) Cells taken at the end of transition phase I. (C) Cells 
taken at the end of transition phase II. Electron light particles (white arrows) are 
seen in all growth phases, but are especially abundant in cells of transition phase I and 
II. Electron dense particles (black arrows) are present in all growth phases. Scale bars, 
200 nm. 
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Figure 7. Transmission electron micrographs showing glycogen staining of 
chemically fixed, Epon-embedded thin sections of M. fumariolicum cells in transition 
phase II. (A) Glycogen staining is seen in the otherwise electron light particles 
abundantly present in the cytoplasm. (B) Zoom-in of the box drawn in (A). (C) 
Negative control incubated with water instead of periodic acid. Scale bars, 100 nm. 
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Glycogen metabolism genes 
 
In the draft genome of strain SolV (Khadem et al., 2012 b) genes encoding for 
glycogen synthesis (glgA, glgB and glgC) and degradation (glgP, glgX, gdb and 
pgm) were present (Table 2). All genes were present in a single copy except for 
glgP encoding the glycogen phosphorylase for which strain SolV possesses 3 
copies. All genes showed orthologs in “Ca. M. infernorum” V4 (Hou et al., 2008) 
with amino acid identities ranging from 70-89 %. Compared to this, identities to 
other more distantly related species were always below 47-61 %. Phylogenetic 
analysis of the glycogen synthase (encoded by glgA) showed that the 
verrucomicrobial methanotrophs form a separate cluster (Fig. 8).  
Messenger RNA analysis of cells from an exponentially growing culture by 
RNA-Seq showed transcription of the aforementioned genes comparable to house-
keeping genes (Table 2 and Khadem et al., 2012 a). RNA-Seq analysis of nitrogen 
fixing cells and cells under low oxygen concentration showed comparable 
transcription levels of glycogen synthesis/degradation genes (Khadem et al, 2012 
a). Key genes involved in poly-3-hydroxybutyrate (PHB) synthesis (phaC, phaA, 
phaB) are absent.  
 
 
 
 
 
 
Figure 8 (next page). Phylogenetic analysis of glycogen synthases (glgA). 
Representative amino acid sequences were obtained from GenBank. The evolutionary 
history was inferred using the maximum-likelihood method based on the Dayhoff 
matrix-based model. The consensus bootstrap tree is shown. Initial tree(s) for the 
heuristic search were obtained automatically as follows. When the number of 
common sites was < 100 or less than one fourth of the total number of sites, the 
maximum parsimony method was used; otherwise BIONJ method with MCL distance 
matrix was used. The tree is drawn to scale, with branch lengths measured in the 
number of substitutions per site. The bar represents 20 % sequence divergence. The 
analysis involved 39 amino acid sequences. All positions containing gaps and missing 
data were eliminated. There were a total of 434 positions in the final dataset.  
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Glycogen assay 
 
To confirm the presence of glycogen as a carbon storage compound in “Ca. 
M. fumariolicum”, a glycogen assay was performed on crude cell extracts prepared 
from bacteria from an exponentially growing culture and from a culture obtained at 
the end of transition phase I and II. The glycogen amount as a percentage of dry 
weight in the crude extracts was 2 % for the exponentially growing culture, 26 % 
and 36 % for the culture obtained at the end of transition phase I and II, 
respectively. 
 
Glycogen consumption & function 
 
The consumption of glycogen was detected by the release of 13C-labeled CO2 
from cells that had accumulated 13C-labeled glycogen. Accumulation of 13C 
containing glycogen was achieved by growing cultures till late transition phase II 
in the presence of both 13C-labeled methane and carbon dioxide. When such cells 
are transferred to a medium without methane, stored glycogen is likely to be 
consumed to meet the energy requirement of the starving cells, and thus 13C-
labeled CO2 is produced. The ratio of 12C/13C was determined accurately by GC-
MS analysis, against a background of 10 % unlabeled CO2 in the culture bottles. 
During the first day a rapid 13CO2 production was observed (initial rate of 5 μmol 
13CO2 produced (mg dry weight of cells)1 day1; Fig. 9). This rate dropped 
gradually to a linear rate of 0.2 μmol 13CO2 produced (mg dry weight of cells)1 
day1, which did not change at least till day 28. The total amount of 13CO2 produced 
over this period was calculated to be 51.4 ± 1.9 µmol of 13CO2 (n = 4). On basis of 
the glycogen content of the cells (36 % of 4.4 mg dry weight of cells), 9.8 µmol of 
13C-labeled glycogen was introduced in the incubation. This could result in a 
maximum of 58.6 µmol of 13CO2 to be produced. This means that about 88 % of 
the 13C-labeled glycogen was recovered as 13CO2. In a parallel experiment it was 
shown that 13CO2 production ceased after about 47 days of starvation and during 
this extended period an additional 9 % of the glycogen was converted to 13CO2 
(data not shown). The control incubations with 13C-labeled cells from the 
exponential phase produced only small amounts of 13CO2, and at lower initial rate 
(1 μmol 13CO2 produced (mg dry weight of cells)1 day1), and this production 
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ceased after 3 days. This corresponded with the observation that cells from cultures 
growing exponentially contained little glycogen (based on both electron 
microscopy and biochemical analysis).  
The possibility of growth on stored glycogen was investigated in a similar 
experiment as described above without 13C-labeling. For this study, cultures that 
had accumulated glycogen (obtained at the end of transition phase II; Figs. 1A and 
1B) were diluted and transferred to a medium without methane but with 2 mM of 
ammonium in order to allow growth. During 10 days of starvation, in which the 
13C-labeling experiments suggested that most of the glycogen was already 
consumed, no growth was observed as cell numbers remained the same (Fig. 1B). 
The optical density decreased rapidly during this incubation (Fig. 1A), probably as 
a result of glycogen consumption. In a parallel experiment in presence of methane 
(and no ammonium), the optical density was stable in this period (data not shown). 
Apparently glycogen in the cell caused some more light scattering; this effect was 
also observed during the transition phase II, were only glycogen was produced, the 
optical density increased while cell numbers remained constant (size differences of 
the bacteria at the different growth phases were only marginal). 
 
 
 
Figure 9. 13CO2 production 
originating from 13C-glycogen 
loaded cells (4.4 mg dry weight), 
obtained at the end of the 
transition phase II (closed 
circles). Exponential cells (2.1 
mg dry weight; open triangles) 
served as a control. 13CO2 
measured after 1 hour of 
incubation at 55 °C, was 
subtracted from all measured 
values during the experiment. 
Error bars represent S.E.M. (n  
4).  
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To study the role of glycogen in viability of the cells, a long-term (70 days) 
starvation experiment for methane was performed with cultures undergoing 
exponential growth and cultures that were in transition phase II for 20 days. 
Exponentially growing cultures were grown till the moment that all ammonium 
was consumed and the starvation for both cell types was initiated by removing 
methane from the headspace of the bottles. During the starvation period, cell 
numbers of both cell types gradually decreased during methane starvation. The cell 
numbers decreased by a factor of 4.5 in the case of cells obtained from 
exponentially grown cultures and by a factor 2.4 in the case of cells obtained at the 
end of transition phase II. The lag phase observed upon recultivation in optimal 
growth conditions was taken as a measure of viability of the remaining cultures of 
both types. Exponentially grown cultures were losing viability rapidly after 4 days 
of methane starvation (Fig. 10). Recultivation starting from glycogen loaded 
cultures showed a lag phase (28 h) from the start. This lag phase remained 
unchanged for about 40 days of methane starvation (Fig. 10). Only after 45 days 
the lag phase of glycogen loaded cells increased, pointing to a depletion of the 
stored glycogen (Fig. 10). This is well in accordance with the results of 13C-labeled 
glycogen consumption experiment, which showed that in about 47 days all 
glycogen in the cells was consumed.  
 
 
 
Figure 10. Viability and recovery of 
glycogen containing “Ca. M. fumar-
iolicum” SolV cells (closed triangles) 
and exponential growing cells (open 
circles) after methane and 
ammonium starvation for different 
periods of time. At time 0, cells were 
inoculated into optimal medium (4 
mM ammonium and methane in the 
headspace) and lag phases were 
recorded. Error bars represent S.E.M. 
(n  4).  
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Discussion 
 
Many bacteria store carbon when nitrogen becomes growth limiting (Wanner & 
Egli, 1990 and references therein). Methanotrophs are also known for their ability 
to store carbon, either in the form of poly-3-hydroxybutyrate (PHB), glycogen or 
by exopolysaccharide (EPS) production. Many studies have focused on PHB 
storage and its role in methanotrophs, and the genes involved in its synthesis (Pieja 
et al., 2011 a and b). In addition, EPS production in multiple methanotrophs has 
been studied in some detail (Malashenko et al., 2001). However, detailed studies 
about glycogen production and its role in methanotrophs are scarce (Eshinimaev et 
al., 2002; Khmelenina et al., 1999; Linton & Cripps, 1978). In these studies, 
usually only the presence of glycogen is reported in these microorganisms based on 
basic electron microscopic observations, without specific staining.  
Although the electron microscopic polysaccharide stain used in our study is not 
specific for glycogen (Bradbury & Stoward, 1967), our results in combination with 
the biochemical assay clearly show the presence of glucose polymers in strain 
SolV. As all the genes for glycogen production and consumption were shown to be 
present and transcribed, this glucose polymer is most likely glycogen. For more 
definite proof a biochemical analysis of chain length and type of branching will be 
necessary.  
Based on the growth experiments, it can be assumed that glycogen storage starts 
soon after ammonium depletion in the medium. However, the glycogen 
measurements, electron microscopic observations and the transcriptome data 
suggest that there was a little bit of glycogen produced during exponential phase. 
Electron microscopy showed that at the end of the transition phase I (1.5 days after 
ammonium depletion), cells were packed with glycogen bodies. In addition, the 
strong increase in total amount of carbon in the pellet fraction per cell, pointed to 
glycogen storage in phase I.  
The increase in dry weight and total carbon (mg per ml cell culture) in transition 
phase I was not only due to glycogen storage (26 % of the dry weight), but also to 
cell growth, since cell numbers doubled. This growth was not due to other nitrogen 
sources present in the medium or nitrogen fixation. Nitrogen fixation would also be 
impossible since dissolved oxygen concentrations in the cultures were too high to 
support nitrogen fixation by “Ca. M. fumariolicum” (Khadem et al., 2010). 
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Moreover, the total protein and nitrogen content (mg per ml cell culture) stabilized 
immediately after ammonium depletion. The observation that the amount of protein 
and total nitrogen (mg per ml cell culture) in the pellet fraction of the crude 
extracts doubled, was in accordance with the doubling of cell numbers.  
Completion of cell division once DNA replication has started, seems to be a 
strong regulating factor when growth substrates are limiting as has been 
documented before (Wanner & Egli, 1990 and references therein). While some 
bacteria become smaller under such conditions (reductive cell division), strain 
SolV maintained its normal shape and size. 
On basis of the carbon percentages, the changes in carbon to nitrogen ratio and 
assuming a constant amount of nitrogen at the start and end of transition phase II 
we calculated that dry weight in this phase should have increased about 20 %. The 
measured increase (based on weighing) was about 30 %. The increase of the 
glycogen percentage from 26 to 36 % can account for only 15 % of the dry weight 
increase. The observed biomass increase may have resulted from some ongoing 
growth in this phase, but the increase in cell numbers was too small to result in a 
significant difference. 
Under the circumstances tested (nitrogen depletion), the maximum amount of 
glycogen measured in the cells of strain SolV was 36 % of the dry weight. Under 
nitrogen limitation, a similar percentage of glycogen was found in the halotolerant 
methanotroph Methylobacter alcaliphilus 20Z (Khmelenina et al., 1999). Under 
other growth conditions, percentages of 16 % (calcium limitation) and 35 % 
(growth on methanol) are reported for methanotrophs (Eshinimaev et al., 2002; 
Linton & Cripps, 1978). However, under nitrogen depletion PHB can account for 
up to 50 % of the dry weight in Methylocystis parvus OBBP (Pieja et al., 2011 b).    
Glyceraldehyde-3-phosphate produced from CO2 via the Calvin-Benson-
Bassham cycle (Khadem et al., 2011), is the most likely precursor of glucose-6-
phosphate in strain SolV. The consecutive action of triosephosphate isomerase, 
fructose 1,6-bisphosphate aldolase, fructose 1,6-bisphosphate phosphatase and 
glucose-6-phosphate isomerase results in glucose-6-phosphate. The presence of a 
gene encoding for phosphoglucomutase (pgm), suggest that the latter enzyme in 
turn can convert glucose-6-phosphate and its product glucose-1-phosphate can be 
used for glycogen synthesis (Wayne et al., 2010). The same route (in reverse) can 
be used for the degradation of glycogen. 
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The benefit of accumulated glycogen for “Ca. M. fumariolicum” under energy-
limiting conditions (no methane) was shown by the fact that cell numbers declined 
less and that the viability of remaining cells was maintained much better for 
glycogen loaded cells compared to cells without glycogen (exponentially grown). 
Glycogen loaded cells showed an initial lag phase which could be expected 
because the bacteria were in very different metabolic state as a result of the 
nitrogen depletion, with much lower cytosolic protein content. This lag phase 
however became longer only after 40 days of starvation. During this period the 
glycogen was almost fully consumed, as was shown by 13C-labeling experiments. 
These cells produced 13CO2 in amounts that equal the initial glycogen content of 
the cells, while the headspace of exponential cells only showed a small increase in 
13CO2 during the first few days. Growth was only observed in presence of methane 
and it can therefore be concluded that glycogen was not used for cell growth. 
Similar results were found for Methylocystis parvus OBBP, were no growth on 
PHB was observed (Pieja et al., 2011 b). Therefore, we conclude that the glycogen 
storage enhances the viability of “Ca. M. fumariolicum” during methane starvation. 
Regulation of glycogen synthesis/degradation seems not to be at the 
transcriptional level. There are good arguments for having a regulation on 
protein/enzyme level since strain SolV needs to be ready for acting rapidly to two 
situations: 1) when starved for nitrogen, cells can directly make profit of the 
energy/carbon source still available for immediate storage of carbon. This can be 
accomplished only when necessary proteins are already present, as mRNA or 
protein synthesis is hardly possible when there is no nitrogen source available; 2) 
when starved for methane, an energy deprived conditions in which cells have 
difficulty to produce (new) proteins, cells already have the proteins available for 
glycogen degradation. So, depending on the level of substrates (e.g. glucose-6-
phosphate) the route may operate in a biosynthetic or degradative direction. 
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Conclusion 
 
The thermoacidophilic verrucomicrobial methanotroph “Ca. M. fumariolicum” 
strain SolV is able to store glycogen in the case of nitrogen depletion.  
This accumulated glycogen may be consumed in response to energy limitation. 
It is hypothesized that the bacteria use accumulated glycogen to enhance viability, 
since growth on accumulated glycogen was not observed.  
To the best of our knowledge this is the first experimental validation of glycogen 
storage in the phylum Verrucomicrobia.  
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Nitrogen fixing (right side) and oxygen limited (left side) chemostat cultures. 
Picture by Ahmad F. Khadem. 
 
 
 
 
 
 
Chapter Six                   Transcriptome analysis of “Ca. Methylacidiphilum fumariolicum” strain SolV 
                                                      
(Khadem et al., 2012) 133            Front Microbiol  3, 266   
Metabolic regulation of  
“Ca. Methylacidiphilum fumariolicum” SolV cells  
grown under different nitrogen and oxygen limitations 
 
Ahmad F. Khadem1, Arjan Pol1, Adam S. Wieczorek1, Mike S. M. Jetten1   
Huub J. M. Op den Camp1 
 
1Department of Microbiology, Institute of Water and Wetland Research, Radboud University Nijmegen, 
Heyendaalseweg 135, NL-6525 AJ,  Nijmegen, the Netherlands. 
 
 
 
Abstract 
 
Aerobic methanotrophic bacteria can use methane as their sole energy source. 
The discovery of “Ca. Methylacidiphilum fumariolicum” strain SolV and other 
verrucomicrobial methanotrophs has revealed that the ability of bacteria to oxidize 
CH4 is much more diverse than has previously been assumed in terms of ecology, 
phylogeny and physiology. A remarkable characteristic of the methane-oxidizing 
Verrucomicrobia is their extremely acidophilic phenotype, growing even below pH 
1. In this study we used RNA-Seq to analyze the metabolic regulation of “Ca. M. 
fumariolicum” SolV cells growing at μmax in batch culture or under nitrogen fixing 
or oxygen limited conditions in chemostats, all at pH 2. The analysis showed that 
two of the three pmoCAB operons each encoding particulate methane 
monooxygenases were differentially expressed, probably regulated by the available 
oxygen. The hydrogen produced during N2 fixation is apparently recycled as 
demonstrated by the up-regulation of the genes encoding a Ni/Fe-dependent 
hydrogenase. These hydrogenase genes were also up-regulated under low oxygen 
conditions. Handling of nitrosative stress was shown by the expression of the nitric 
oxide reductase encoding genes (norB and norC) under all conditions tested, the 
up-regulation of nitrite reductase (nirK) under oxygen limitation and of 
hydroxylamine oxidoreductase (hao) in the presence of ammonium. Unraveling the 
gene regulation of carbon and nitrogen metabolism helps to understand the 
underlying physiological adaptations of strain SolV in view of the harsh conditions 
of its natural ecosystem.  
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Introduction 
 
Methanotrophs are an unique group of microorganisms that can use methane 
(CH4) as sole carbon and energy source (Hanson & Hanson, 1996). Methanotrophs 
are found both in aerobic and anaerobic natural environments (Boetius et al., 2000; 
Conrad, 2009; Hanson  Hanson, 1996; Raghoebarsing et al., 2006). Aerobic 
methane oxidizing bacteria are represented by members of the 
Alphaproteobacteria, the Gammaproteobacteria, the Verrucomicrobia and the 
NC10 phylum (Ettwig et al., 2010; Hanson  Hanson, 1996; Op den Camp et al., 
2009). “Candidatus Methylomirabilis oxyfera”, a representative of the latter 
phylum and growing anaerobically in the absence of oxygen, has the unique ability 
to produce intracellular oxygen through an alternative denitrification pathway 
(Ettwig et al., 2010). 
During aerobic CH4 oxidation, energy is conserved during the oxidation of 
methanol, formaldehyde and formate (Chistoserdova et al., 2009; Hanson  
Hanson, 1996). In the oxidation of methanol, electrons are transferred to a 
membrane-bound electron transport chain via a pyrroloquinoline quinone cofactor 
to cytochrome c and the bc1 complex by the enzyme methanol dehydrogenase. 
During formaldehyde and formate oxidation, NAD is reduced to NADH and 
transferred to NADH-oxidoreductase complex I (nuo genes). Electrons flow via the 
membrane protein complexes, Nuo, bc1, to the cytochrome c oxidases and produce 
a proton motive force that is converted to the cellular energy carrier ATP by the 
ATPase enzyme complex.  
Verrucomicrobial methanotrophs were isolated from volcanic areas in Italy, 
New Zealand and Russia (Dunfield et al., 2007; Islam et al., 2008; Pol et al., 2007) 
and the genus name “Methylacidiphilum” was proposed since 16S rRNA gene 
sequences of the three independent isolates had 98-99 % sequence identity (Op den 
Camp et al., 2009). Although environmental clone libraries from many ecosystems 
show a large abundance and biodiversity of Verrucomicrobia (Wagner  Horn, 
2006), little is known about their in situ physiology. There are now several 
verrucomicrobial genome assemblies available (van Passel et al., 2011) including 
two of the verrucomicrobial methanotrophs (Hou et al., 2008; Khadem et al., 2012 
b). The genome data of strains V4 and SolV showed some similarities but also 
major differences in the C1-utilization pathways compared to proteobacterial and 
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NC10 methanotrophs. The functional significance of these differences can only be 
validated by a combination of physiological and expression studies. 
Physiological studies of “Ca. M. fumariolicum” strain SolV have demonstrated 
that this microorganism was able to grow with ammonium, nitrate or dinitrogen gas 
as nitrogen source (Khadem et al., 2010; Pol et al., 2007). 13C-labeling studies 
showed that strain SolV growing on CH4, fixed CO2 into biomass exclusively via 
the Calvin-Benson-Bassham (CBB) cycle (Khadem et al., 2011). Based on these 
results we expect that genes involved in nitrogen fixation are only expressed in the 
absence of ammonium/nitrate and genes involved in the CBB cycle are 
constitutively expressed. To evaluate this in more detail, analysis of the complete 
set of transcripts (the transcriptome) and their quantity present in cells grown under 
different condition is needed.  
With the development of microarrays (Malone  Oliver, 2011) high-throughput 
quantification of the transcriptome became possible, improving the low throughput 
mRNA data from Northern blots or reverse-transcription PCR (RT-PCR) analysis. 
More recently, next generation sequencing has been shown to be a very powerful 
method to analyze the transcriptome of cells by what is known as RNA-Seq (Wang 
et al., 2009). Furthermore, this technique can detect transcripts without 
corresponding genomic sequences and can detect very low abundance transcripts 
(Croucher  Thomson, 2010; Malone  Oliver, 2011). 
In this study we used RNA-Seq to analyze the genome wide transcriptome of 
“Ca. M. fumariolicum” SolV cells grown under different conditions at pH 2. 
Expression profiles of exponentially growing SolV batch cultures (at μmax) were 
compared to nitrogen fixing or oxygen limited chemostat cultures and used to 
unravel the gene and genome regulation of carbon and nitrogen metabolism which 
may reflect the underlying physiological adaptations of SolV. 
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Materials  methods   
 
Organism & medium composition for growth  
 
“Ca. Methylacidiphilum fumariolicum” strain SolV used in this study was 
originally isolated from the Solfatara volcano, Campi Flegrei, near Naples, Italy 
(Pol et al., 2007). Preparation and composition of the growth medium (pH 2) was 
described previously (Khadem et al., 2010). Mineral salts composition and 
concentration were changed for oxygen limited SolV chemostat cultures: 0.041 g 
l1 MgCl2.6H2O was added (instead of 0.08 g l1) and CaHPO4.2H2O was replaced 
by 0.138 g l1 NaH2PO4.H2O to limit precipitation.  
 
Chemostat cultivation 
 
Chemostat cultivation of strain SolV under nitrogen fixing condition at pH 2 was 
performed as described previously (Khadem et al., 2010). Growth yield and 
stoichiometry of CH4 conversion to CO2 of strain SolV were also determined for 
oxygen limited SolV chemostat cultures. The chemostat liquid volume was 300 ml 
and the system was operated at 55 °C with stirring at 900 r.p.m. with a stirrer bar. 
The chemostat was supplied with medium at a flow rate of 5.1 ml h1, using a 
peristaltic pump. Culture liquid level was controlled by a peristaltic pump actuated 
by a level sensor. A gas mixture containing (v/v) 5.8 % CH4, 2.3 % O2, 0.4 % N2 
and 91.1 % CO2 was supplied to the chemostat by mass flow controllers through a 
sterile filter and sparged into the medium just above the stirrer bar. Oxygen 
concentrations in the liquid were measured with a Clarke-type electrode. After 
steady state was reached, CH4 and O2 consumption and CO2 production were 
determined by measuring the ingoing and outgoing gas flows and the gas 
concentrations. The outgoing gas passed through a sterile filter at a flow rate of 
11.9 ml h1, and contained (v/v) a mixture of approximately 4.8 % CH4, 0.72 % O2, 
0.7 % N2 and 92.7 % CO2. The dissolved oxygen concentration (dO2) was below 
0.03 % oxygen saturation. To determine biomass dry weight concentration, 
triplicate 5 ml samples from the culture suspension were filtered through pre-
weighed 0.45 µm filters and dried to constant weight in a vacuum oven at 70 °C. 
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After steady state, both chemostats were sampled for mRNA isolation and Illumina 
sequencing. 
 
Batch cultivation 
 
Cells of SolV grown at maximal growth rate (μmax), without any nitrogen, O2 and 
CH4 limitation were obtained in 1 liter serum bottles, containing 50 ml medium 
(with 4 mM ammonium, 2 % fangaia soil extract and at pH 2, (Khadem et al., 
2010)) and sealed with red butyl rubber stoppers. Incubations were performed in 
duplicate and contained in (v/v) 10 % CH4, 5 % CO2 and 18 % O2 at 55 °C with 
shaking at 180 r.p.m. Exponentially growing cells were collected for mRNA 
isolation and Illumina sequencing.    
 
Gas & ammonium analyses 
 
Gas samples (100 µl) were analyzed for methane (CH4), carbon dioxide (CO2) 
and oxygen (O2) on an Agilent series 6890 gas chromatograph (GC) equipped with 
Porapak Q and Molecular Sieve columns and a thermal conductivity detector as 
described before (Ettwig et al., 2008).  
Ammonium concentrations were measured using the ortho-phthaldialdehyde 
(OPA) method (Taylor et al., 1974). 
  
Transcriptome analysis 
 
The draft genome sequence of strain SolV (Khadem et al., 2012 b) was used as 
the template for the transcriptome analysis. Cells were harvested by centrifugation 
and 3.1 mg dry weight cells were used for isolation of mRNA, and subsequent 
synthesis of cDNA (328 ng) was done as described before (Ettwig et al., 2010). 
The cDNA was used for Illumina sequencing (RNA-Seq) as described before 
(Ettwig et al., 2010; Kartal et al., 2011). Expression analysis was performed with 
the RNA-Seq Analysis tool from the CLC Genomic Workbench software (version 
4.0, CLC-Bio, Aarhus, Danmark) and values are expressed as RPKM (Reads Per 
Kilobase of exon model per Million mapped reads) (Mortazavi et al., 2008). 
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Results  discussion 
 
Physiology of “Ca. M. fumariolicum” SolV growing with & 
without nitrogen source & under oxygen limitation 
 
Prior to the expression studies the physiological properties of strain SolV were 
examined in batch and chemostat continuous culture. These studies showed that 
strain SolV in batch culture had a maximum growth rate of 0.07 h1 and 0.04 h1, 
with ammonium or nitrate as nitrogen source, respectively (Table 1). In the absence 
of ammonium and nitrate “Ca. M. fumariolicum” SolV cells were able to fix 
atmospheric N2 only at headspace oxygen concentration below 1 % (Khadem et al., 
2010). The additional reduction steps of nitrate to ammonium could explain the 
observed increase in doubling time with nitrate compared to ammonium. The 
slower growth rate with N2 as nitrogen source was expected, since N2-fixation is an 
endergonic process, which needs about 16 mol ATP per mol N2 fixed (Dixon  
Kahn, 2004). Based on the µmax data obtained, strain SolV seems to prefer 
ammonium, which is also the most likely nitrogen source in its natural 
environment. 
Continuous cultivation of strain SolV cells in a chemostat at pH 2 under nitrogen 
fixing conditions, was performed at dissolved oxygen concentrations (dO2) equal to 
0.5 % oxygen saturation and without ammonium or nitrate (Table 1). Growth was 
limited by CH4 liquid-gas transfer in this chemostat culture (Khadem et al., 2010). 
The growth rate (0.017 h1) is 68 % of the µmax (0.025 h1) obtained in N2 fixing 
batch cultures.  
For continuous cultivation of strain SolV under oxygen limitation and in the 
presence of excess methane and ammonium, the chemostat was supplied with 
medium at a dilution rate of 0.017 h1 (Table 1). This resulted in a dO2 equal to 
0.03 % oxygen saturation (< 0.24 μmol l1).  
After a steady state was obtained in the chemostat, the stoichiometry of CH4 
oxidation and cell yield under N2 fixing and O2 limiting conditions were 
determined. Under O2 limitation the stoichiometry of CH4 oxidation was the same 
as reported for excess ammonium and O2 (Pol et al., 2007). However, under N2 
fixing conditions, a slightly higher consumption of O2 and production of CO2 was 
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found (Khadem et al., 2010). This coincides with the lower cell yield of the 
nitrogen fixing chemostat culture of strain SolV (Table 1).  
Three of the above described physiological conditions were selected for a 
genome wide transcriptome analysis (Table 1), e.g. exponentially growing cells 
(batch culture at μmax) and cells from nitrogen or oxygen limited chemostat 
cultures. 
 
Whole genome transcriptome analysis of “Ca. M. fumariolicum” 
SolV  
 
The SolV transcriptome was characterized using RNA-Seq. RNA was prepared 
from the three different cell cultures (see above), converted to cDNA and 
sequenced. The Illumina Genome Analyser reads (75 bp) were first mapped to the 
ribosomal RNA operon and mapped reads were discarded. The unmapped reads 
(3.5  106, 3.2  106 and 2.0  106 reads for μmax, N2 fixing and O2 limited cells, 
respectively) were mapped to the CDS, tRNA and ncRNA sequences extracted 
from the genome sequence of strain SolV (Khadem et al., 2012 b). The total 
number of reads obtained and mapped for each sampled culture together with the 
calculated expression levels (RPKM) are provided in the Supplementary file (Data 
Sheet 2.XLS; RNA-Seq_SolV.xls). We selected a set of 394 housekeeping genes 
(in total 443 kbp) involved in energy generation, in ribosome assembly, carbon 
fixation (CBB cycle), C1 metabolism (except for pmo), amino acid synthesis, cell 
wall synthesis, translation, transcription, DNA replication and tRNA synthesis for 
the three conditions, to compare baseline expression levels (Supplementary file: 
Data Sheet 1.XLS; Housekeeping genes.xls). For this gene set all ratios of 
expression between conditions were > 0.5 and < 2. The robustness of the 
transcriptome data were checked by the method of Chaudhuri et al. (2011) in 
which the expression levels (log2 (RPKM+1)) of the 394 genes set for the three 
conditions were plotted against each other. This resulted in correlation coefficients 
of 0.70, 0.86 and 0.86 (Fig. 1), which are only slightly lower than those of 
technical replicates as reported by Chaudhuri et al. (2011).     
In the following paragraphs, the differences in expression pattern under the 
various cultivation conditions with respect to energy, carbon, nitrogen and 
hydrogen metabolism of strain SolV will be presented and discussed.  
C
ha
pt
er
 S
ix
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
Tr
an
sc
rip
to
m
e 
an
al
ys
is
 o
f “
C
a.
 M
et
hy
la
ci
di
ph
ilu
m
 fu
m
ar
io
lic
um
” 
st
ra
in
 S
ol
V
 
  (K
ha
de
m
 e
t a
l.,
 2
01
2)
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
  F
ro
nt
 M
ic
ro
bi
ol
 3
, 2
66
 
Ta
bl
e 
1.
 D
es
cr
ip
tio
n 
of
 b
at
ch
 a
nd
 c
he
m
os
ta
t c
ul
tu
re
s o
f “
Ca
. M
et
hy
la
ci
di
ph
ilu
m
 fu
m
ar
io
lic
um
” 
st
ra
in
 S
ol
V
 
 C
ul
tu
re
 
N
itr
og
en
 so
ur
ce
 
G
ro
w
th
 ra
te
 (h
1
) 
D
ou
bl
in
g 
tim
e 
(h
) 
Y
ie
ld
   
   
   
   
   
   
   
   
   
   
  
(g
 d
ry
 w
ei
gh
t p
er
 m
ol
 C
H
4)
 
Li
m
ita
tio
n 
O
2 c
on
ce
nt
ra
tio
nb
 
B
at
ch
 
A
m
m
on
iu
m
a  
μ m
ax
 =
 0
.0
7 
10
 
6.
5 
N
o 
18
 %
 
 
N
itr
at
e 
μ m
ax
 =
 0
.0
4 
17
 
n.
d.
 
N
o 
18
 %
 
 
N
2 
μ m
ax
 =
 0
.0
25
 
27
 
n.
d.
 
N
itr
og
en
 
< 
1 
%
 
C
he
m
os
ta
t 
N
2a
 
μ =
 0
.0
17
 
40
 
3.
5 
M
et
ha
ne
 
0.
5 
%
 
 
A
m
m
on
iu
m
a  
μ =
 0
.0
17
 
40
 
4.
9c
 
O
xy
ge
n 
< 
0.
03
 %
 
 a  C
el
ls
 u
se
d 
fo
r t
ra
ns
cr
ip
to
m
e 
an
al
ys
is
. I
n 
al
l o
th
er
 T
ab
le
s r
ef
er
re
d 
to
 a
s “
C
el
ls
 a
t μ
m
ax
”,
 “
N
2 f
ix
at
io
n”
 a
nd
 “
O
2 l
im
ita
tio
n”
. 
b 
Fo
r 
ba
tc
h 
cu
ltu
re
s 
in
iti
al
 h
ea
ds
pa
ce
 o
xy
ge
n 
co
nc
en
tra
tio
ns
 a
re
 g
iv
en
, 
w
hi
le
 f
or
 t
he
 c
he
m
os
ta
t 
cu
ltu
re
s 
m
ea
su
re
d 
di
ss
ol
ve
d 
ox
yg
en
 
co
nc
en
tra
tio
n 
(d
O
2) 
is
 e
xp
re
ss
ed
 a
s %
 o
xy
ge
n 
sa
tu
ra
tio
n 
(1
00
 %
 e
qu
al
s 8
00
 μm
ol
 l
1  a
t 5
5 
°C
). 
c  C
al
cu
la
te
d 
fr
om
 o
pt
ic
al
 d
en
si
ty
 (m
ea
su
re
d 
at
 6
00
 n
m
) c
om
pa
ris
on
s a
t s
te
ad
y 
st
at
e.
 
    
C
ha
pt
er
 S
ix
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
Tr
an
sc
rip
to
m
e 
an
al
ys
is
 o
f “
C
a.
 M
et
hy
la
ci
di
ph
ilu
m
 fu
m
ar
io
lic
um
” 
st
ra
in
 S
ol
V
 
(K
ha
de
m
 e
t a
l.,
 2
01
2)
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
  F
ro
nt
 M
ic
ro
bi
ol
 3
, 2
66
 
   Fi
gu
re
 1
. P
lo
ts
 o
f 
ex
pr
es
si
on
 le
ve
ls
 (
lo
g2
 (
R
PK
M
+1
))
 o
f 
39
4 
ge
ne
s 
(in
 
to
ta
l 4
43
 k
bp
) i
nv
ol
ve
d 
in
 e
ne
rg
y 
ge
ne
ra
tio
n,
 r
ib
os
om
es
, c
ar
bo
n 
fix
at
io
n 
(C
al
vi
n-
B
en
so
n-
B
as
sh
am
 c
yc
le
), 
C
1 
m
et
ab
ol
is
m
 (e
xc
ep
t f
or
 p
m
o)
, a
m
in
o 
ac
id
 
sy
nt
he
si
s, 
ce
ll 
w
al
l 
sy
nt
he
si
s, 
tra
ns
la
tio
n,
 
tra
ns
cr
ip
tio
n,
 
D
N
A
 
re
pl
ic
at
io
n 
an
d 
tR
N
A
 sy
nt
he
si
s. 
  
y 
= 
1.
00
98
 x
R
2
= 
0.
70
3
0246810
0
2
4
6
8
10
Lo
g2
 (R
PK
M
+1
) v
al
ue
s 
N
2
fix
in
g 
ce
lls
Log2 (RPKM+1) values O
2
limited cells
y 
= 
0.
97
09
 x
R
2
= 
0.
85
63
0246810
0
2
4
6
8
10
Lo
g2
 (R
PK
M
+1
) v
al
ue
s 
ex
po
ne
nt
ia
l c
el
ls
 (a
t µ
m
ax
)
Log2 (RPKM+1) values O
2
limited cells
y 
= 
0.
95
53
 x
R
2
= 
0.
85
95
0246810
0
2
4
6
8
10
Lo
g2
 (R
PK
M
+1
) v
al
ue
s 
ex
po
ne
nt
ia
l c
el
ls
 (a
t µ
m
ax
)
Log2 (RPKM+1) values N
2
fixing cells
Chapter Six                    Transcriptome analysis of “Ca. Methylacidiphilum fumariolicum” strain SolV 
                                                      
(Khadem et al., 2012) 142              Front Microbiol 3, 266 
Energy metabolism  
 
Genes involved in CH4 oxidation pathway (Chistoserdova et al., 2009; Hanson 
 Hanson, 1996) and their RPKM values are presented in Table 2. In the genome 
data of the verrucomicrobial methanotrophs no genes encoding for the soluble 
cytoplasmic form of the methane monooxygenase (sMMO) were found (Hou et al., 
2008; Khadem et al., 2012 b). However, three pmoCAB operons, encoding for the 
three subunits of particulate membrane-associated form (pMMO) were predicted. 
Transcriptome analysis of “Ca. M. fumariolicum” SolV showed differential 
expression of two of the three different operons. One of the pmoCAB operons 
(pmoCAB2) was highly expressed (RPKM values 10.9  103 to 45  103, Fig. 2) in 
cells growing at μmax with excess ammonium and oxygen (initial headspace 
concentration of 18 %). The other two pmoCAB operons were hardly expressed 
under this culture condition (RPKM 21 to 253). The cells from CH4 limited, N2 
fixing chemostat culture and the O2 limited chemostat culture with dO2 of 0.5 % 
and 0.03 % oxygen saturation, respectively, showed a remarkable different 
expression pattern of the pmoCAB operons. Under these conditions the pmoCAB1 
operon was highly expressed (RPKM values 4.1  103 to 25  103) while 
expression of the pmoCAB2 operon was down regulated 40 times compared to the 
batch culture. The pmoCAB3 operon was hardly expressed in cells from the two 
chemostat cultures, expression values being identical to that of the cells at μmax. 
Although other factors like growth rate, cell density etc. could have an effect, the 
results point to a regulation of the pmoCAB1/pmoCAB2 genes by the oxygen 
concentration. Since the pmoCAB3 operon was not expressed under the conditions 
tested, other growth conditions have to be tested to elucidate the regulation and 
function of this pMMO. In a recent study, qPCR was used to investigate expression 
of the four pmoA genes of “Ca. Methylacidiphilum kamchatkense” Kam1 (Erikstad 
et al., 2012). The pmoA2 gene was 35-fold stronger expressed than the other 
copies. Suboptimal temperature and pH conditions did not change this pattern. 
Other limitations were not tested. Grow on methanol resulted in a 10-fold 
decreased expression of pmoA2. 
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Figure 2. Expression of the three pmoCAB operons, encoding the three subunits of 
the particulate methane monooxygenase (pMMO). Values from exponential growing 
cells, at µmax (grey bars), N2 fixing cells (black bars) and O2 limited cells (open bars) 
are compared. Expression of mxaF (xoxF) encoding methanol dehydrogenase is 
shown for comparison. 
 
 
Also some proteobacterial methanotrophs are known to contain multiple copies 
of pmo operons (Murrell et al., 2000; Semrau et al., 1995). Within sequenced 
genomes of gammaproteobacterial methanotrophs two nearly sequence-identical 
copies of pmoCAB1 were found. It is thought that sequence-identical copies have 
arisen through gene duplications and insertions. Mutation studies in Methylococcus 
capsulatus Bath have demonstrated that both pMMO’s were required for growth 
(Stolyar et al., 1999). More sequence-divergent copies (pmoCAB2) were shown to 
be widely distributed in alphaproteobacterial methanotrophs (Yimga et al., 2003). 
Recently it was found that some genera of gammaproteobacterial methanotrophs 
Chapter Six                    Transcriptome analysis of “Ca. Methylacidiphilum fumariolicum” strain SolV 
                                                      
(Khadem et al., 2012) 144              Front Microbiol 3, 266 
also possess a sequence-divergent particulate methane monooxygenase, depicted as 
pXMO (Tavormina et al., 2011). Unlike the CAB gene order of the pmo operon the 
pxm operon shows an ABC gene order. The presence of sequence-divergent copies 
suggests alternative physiological function under different environmental 
conditions. Methylocystis sp. strain SC2 was shown to possess two pMMO 
isozymes, encoded by pmoCAB1 and pmoCAB2 operons. The pmoCAB1 operon 
was expressed by strain SC2 at mixing ratios > 600 ppmv CH4, while growth and 
concomitant oxidation of methane at concentrations < 600-700 ppmv was due to 
the expression of pmoCAB2 (Baani & Liesack, 2008). In this case the methane 
concentration seems to control the up- and down-regulation of the different 
pMMO’s.  
The second step in CH4 oxidation pathway is the conversion of methanol to 
formaldehyde by methanol dehydrogenase. Methanol dehydrogenase activity in 
strain SolV could be demonstrated but the gene cluster encoding this activity seems 
to be rather different compared to proteobacterial methanotrophs. The 
mxaFJGIRSACKLDEHB cluster encoding the methanol dehydrogenase (mxaFI), a 
cytochrome (mxaG), a solute binding protein (mxaJ) and accessory proteins (Chen 
et al., 2010; Chistoserdova et al., 2003; Ward et al., 2004) was absent in the 
verrucomicrobial methanotrophs (Hou et al., 2008; Khadem et al., 2012 b) and 
found to be replaced by a mxaFJG operon. In addition the gene cluster 
pqqABCDEF encoding proteins involved in biosynthesis of the methanol 
dehydrogenase cofactor pyrroloquinoline quinone was present. The expression of 
these genes did not vary much under the conditions tested (Table 2 and Fig. 2). 
Formaldehyde, the product from the methanol dehydrogenase, is a key 
intermediate in methanotrophs. It may be oxidized for energy and detoxification, or 
fixed into cell carbon via the ribulose monophosphate pathway (RuMP) or serine 
cycle (see below, Chistoserdova et al., 2009; Hanson  Hanson, 1996). The 
canonical formaldehyde oxidation pathway requires folate as a cofactor for C1 
transfer and formate dehydrogenase complexes (see below). The classical gene 
folA involved in the last step of folate-biosynthesis (encoding dihydrofolate 
reductase) is absent in “Ca. Methylacidiphilum” strains V4 and SolV. Hou et al. 
(2008) suggested that the role of this enzyme could be taken over by an alternative 
dihydropteroate synthase (FolP). The gene encoding for this enzyme was also 
present in strain SolV and was constitutively expressed at RPKM values of 133 to 
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236. The presence of the folD gene in the “Ca. Methylacidiphilum” strains (V4 and 
SolV) and expression data of this gene in strain SolV (Table 2), indeed suggest that 
conversion of formaldehyde is tetrahydrofolate-dependent. The “archaeal” 
tetrahydromethanopterin cofactor-based pathway for C1 transfer found in other 
methylotrophs is not present in the genomes of the “Ca. Methylacidiphilum” strains 
(Hou et al., 2008; Khadem et al., 2012 b).   
Formaldehyde can also directly be oxidized by a formaldehyde dehydrogenase. 
The genome data of strain SolV reveal several candidates for formaldehyde 
oxidation: a NADPH:quinone reductase (or related Zn-dependent oxidoreductases), 
Zn-dependent alcohol dehydrogenases or the NAD-dependent aldehyde 
dehydrogenases. The genes encoding for these enzymes were expressed under all 
conditions tested (Table 2). A role for these enzymes should be further supported 
by enzyme purification and characterization studies. Genes encoding for soluble 
and membrane bound NAD-dependent formate dehydrogenases were also 
predicted from the draft genome of strain SolV and there expression levels were 
not significantly different under all experimental conditions (Table 2). This enzyme 
performs the last step of CH4 oxidation, converting formate into CO2.  
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Carbon metabolism  
 
Carbon fixation 
 
The genome data of the verrucomicrobial methanotrophs (Hou et al., 2008; 
Khadem et al., 2012 b) showed differences in carbon assimilation compared to 
proteobacterial methanotrophs (Chistoserdova et al., 2009). Analyses of the draft 
genome of “Ca. Methylacidiphilum fumariolicum” strain SolV revealed that the 
key genes needed for an operational RuMP pathway, hexulose-6-phosphate 
synthase and hexulose-6-phosphate isomerase were absent. In addition, the crucial 
genes encoding key enzymes of the serine pathway, malyl coenzyme A lyase and 
glycerate kinase, were not found (Khadem et al., 2011). However, all genes 
required for an active CBB cycle could be identified in the SolV genome. These 
genes were highly expressed in both chemostat cultures (Table 3), to levels 
identical to those of cells in batch cultures growing at μmax (Khadem et al., 2011). 
The constitutive expression in all cell cultures was expected, assuming biomass 
carbon in strain SolV growing on methane can only be derived from fixation of 
CO2 via the CBB cycle (Khadem et al., 2011). Our transcriptome data of the 
chemostat cultures and batch cultures showed low expression of the cbbR gene, 
encoding a possible RuBisCO operon transcriptional regulator. The cbbR gene 
product is a LysR-type transcriptional regulator and the key activator protein of cbb 
operons in facultative autotrophs (Bowien  Kusian, 2002). As an autotroph, strain 
SolV may not need much regulation of the CBB cycle genes. For strain V4 a 
coupling of this cbbR gene to nitrate reduction and transport was suggested (Hou et 
al., 2008).   
Although, the genes encoding for the ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RuBisCO), the key enzyme of the CBB cycle was found in 
the genome of some proteobacterial methanotrophs like  M. capsulatus Bath (Ward 
et al., 2004) and Methylocella silvestris BL2 (Chen et al., 2010) and the non-
proteobacterial methanotroph “Candidatus Methylomirabilis oxyfera” (Ettwig et 
al., 2010), autotrophic growth in liquid cultures has not been reported for these 
methanotrophs yet.  
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Carbohydrate metabolism 
  
The presence and transcription of genes involved in the pentose phosphate 
pathway suggested the possibility of gluconeogenesis in strain SolV (Table 3). In 
M. capsulatus Bath, gluconeogenesis was suggested as follows: a putative 
phosphoketolase condenses pyruvate and glyceraldehyde-3-phosphate into 
xylulose-5-phosphate, which in turn is fed into the ribulose-5-phosphate pool for 
formation of glucose-6-phosphate through the pentose phosphate pathway (Ward et 
al., 2004). Since a putative phosphoketolase is also present and expressed in strain 
SolV, gluconeogenesis might take place in the same way. Another possibility for 
the production of glucose-6-phosphate from glyceraldehyde-3-phosphate would be 
the consecutive action of triosephosphate-isomerase, fructose 1,6-bisphosphate 
aldolase, fructose 1,6-bisphosphate phosphatase and glucose-6-phosphate 
isomerase. All genes encoding these enzymes are expressed under the growth 
conditions tested (Table 3). 
In many gammaproteobacterial methanotrophs, the tricarboxylic acid (TCA) 
cycle is believed to be incomplete, because they lack the α-ketoglutarate 
dehydrogenase activity (Hanson  Hanson, 1996). However in the M. capsulatus 
genome homologs of this enzyme were identified, suggesting that the TCA-cycle 
might operate in this microorganism (Ward et al., 2004). Alphaproteobacterial 
methanotrophs are known to have a complete TCA cycle (Chen et al., 2010; 
Dedysh et al., 2002; Hanson  Hanson, 1996). The genes encoding for the TCA 
cycle enzymes were predicted from the genomes of strains V4 and SolV (Hou et 
al., 2008; Khadem et al., 2012 b). Our transcriptome analysis showed that these 
genes were expressed under the conditions applied, with slightly lower expression 
levels under N2 fixing conditions (Table 4). The presence of an operational TCA 
cycle in strain SolV suggests that growth on two carbon compounds like acetate 
should be possible. The presence and transcription of a gene encoding acetyl-
coenzyme A synthetase (acs), allows acetate to be activated and fed into the TCA 
cycle (Table 4). Three alphaproteobacterial genera; Methylocella, Methylocapsa 
and Methylocystis, which were shown to be able to grow or survive on acetate, also 
possess a TCA cycle (Belova et al., 2011; Dedysh et al., 2005; Dunfield et al., 
2010; Semrau et al., 2011).  
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Potential carbon  energy storage  
 
Many bacteria start to accumulate reserve polymers when enough supply of 
suitable carbon is available, but nitrogen is limited (Wanner  Egli, 1990). This 
phenomenon is also known for methanotrophs (Pieja et al., 2011b). Recently it was 
shown that type II methanotrophs contained the gene phaC, which encodes for the 
poly-3-hydroxybutyrate (PHB) synthase enable them to produce PHB (Pieja et al., 
2011b). At least three genes (phaC, phaA, phaB) were considered to be crucial for 
PHB synthesis. These genes are absent in type I methanotrophs and in the 
“Ca. Methylacidiphilum” strains (Hou et al., 2008; Khadem et al., 2012 b). 
However, genes encoding for glycogen synthesis, degradation and transport 
(glycogen synthase, glycogen debranching enzyme and ADP-glucose 
pyrophosphorylase) were predicted based on the draft genome of strain SolV. 
These genes were expressed under all conditions tested (Table 5). This supports the 
ability of carbon storage by strain SolV, but further physiological studies with cells 
growing under excess of carbon and nitrogen limitation are needed. Thus far 
literature on glycogen synthesis in methanotrophs is sparse, but several of the 
publicly available genomes (http://www.ncbi.nlm.nih.gov/genomes) of 
proteobacterial methanotrophs contain glycogen synthesis genes (M. capsulatus 
Bath, Methylomonas methanica MC09, Methylomicrobium alcaliphilum and 
Methylocystis sp. ATCC 49242). 
The presence and constitutive expression of genes involved in phosphate 
transport, polyphosphate synthesis and utilization (ABC-type phosphate transport 
system, polyphosphate kinase, adenylate kinase and exopolyphosphatase) (Table 5) 
suggest that strain SolV is able to store polyphosphate as energy and phosphorus 
reserve. 
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Nitrogen metabolism 
  
Ammonium, nitrate & amino acid metabolism 
 
Based on the genome and supported by the transcriptome data the main route for 
ammonium assimilation in “Ca. M. fumariolicum” occurs via glutamine synthase 
(glnA)/glutamate synthase (gltB) and/or the alanine and glutamate dehydrogenases 
(ald, gdh). Expression values of ald and gdh were about 3 to 5 fold lower 
compared to glnA and gltB under the conditions tested (Table 6). Also the genes 
encoding the glutamine-hydrolyzing carbamoyl-phosphate synthase (carA and 
carB) were constitutively expressed. This enzyme converts glutamine and carbon 
dioxide into glutamate and carbamoyl-phosphate. The latter substrate can be fed 
into the urea cycle. Except for the gene encoding arginase all other genes 
(argDHFG) encoding enzymes of the urea cycle were present and constitutively 
expressed. The most likely function of this partial cycle will be arginine synthesis. 
For strain V4 it was suggested that the ornithine needed can be supplied by 4-
aminobutyrate aminotransferase through a part of the TCA cycle and glutamate 
synthesis (Hou et al., 2008). In strain SolV, the gene encoding 4-aminobutyrate 
aminotransferase is also present and expressed. Other methylotrophs possess 
neither arginase nor ArgD (Hou et al., 2008). 
The genes encoding nitrate/nitrite transporters and the assimilatory nitrite and 
nitrate reductases showed very low expression levels (8 to 117), probably due to 
the absence of nitrate in the growth media used. The ammonium transporter gene 
(amtB type) is 3-4 fold up-regulated in N2 fixing cells, which reflects increased 
ammonium scavenging under nitrogen limited conditions.  
 
Nitrogen fixation 
 
The genomes of strain SolV and strain V4 show a complete set of genes 
necessary for N2 fixation (Hou et al., 2008; Khadem et al., 2012 b). Most of these 
genes and their organization in putative operons resemble those of M. capsulatus 
Bath (Ward et al., 2004), a gammaproteobacterial methanotroph that has been 
shown to fix atmospheric N2 (Oakley  Murrell, 1991). N2 fixation is widely 
distributed among methanotrophs as shown by the presence of both nifH gene 
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fragments and acetylene reduction activity in a variety of alpha- and 
gammaproteobacterial methanotrophic strains (Auman et al., 2001). Also the deep-
sea anaerobic methane-oxidizing Archaea were shown to fix N2 and share the 
products with their sulfate-reducing bacterial symbionts (Dekas et al., 2009).  
Gene expression data of strain SolV showed that all the genes involved in 
nitrogen fixation were up-regulated only in absence of ammonium and nitrate, 
indicating the effect of nitrogen availability on the expression of these genes (Table 
7). The genes encoding for the nitrogenase (nifH, nifD, nifK) were 100 to 325-fold 
up-regulated, while the gene involved in regulation (nifA) and the Fe/Mo cofactor 
biosynthesis genes showed 30 to 235-fold increased expression levels. Our 
previous physiological studies already confirmed that nitrogenase was active in N2 
fixing chemostat cultures (Khadem et al., 2010). 
Growth on atmospheric nitrogen in the chemostat was only observed when the 
dO2 was below 0.5 % oxygen saturation. Our previous batch incubations in the 
presence of ammonium and 0.5 % O2 saturation resulted in doubling time of 10 h 
(Khadem et al., 2010). This indicates that in N2 fixing chemostat cultures, this low 
oxygen was not growth limiting. Maintaining a low oxygen concentration in both 
batch and chemostat is required for an active nitrogenase, since this enzyme is 
irreversibly damaged by O2 (Robson  Postgate, 1980). Low oxygen requirement 
for N2 fixation was also demonstrated for other proteobacterial methanotrophs 
(Dedysh et al., 2004; Murrell  Dalton, 1983; Takeda, 1988). The effect of high 
oxygen concentration on the expression of genes encoding N2 fixing enzymes, in 
absence of ammonium/nitrate still needs to be addressed in strain SolV.  
Methanotrophic hydrogenases are considered to have a role in N2 fixation or 
CH4 oxidation. The role of hydrogenase as a source of reducing power for CH4 
oxidation was demonstrated in M. capsulatus Bath (Hanczár et al., 2002). 
Hydrogen uptake and evolution activities during N2 fixation were reported for 
strain 41 of the Methylosinus type (De Bont, 1976) and Methylocystis T-1 (Takeda, 
1988), respectively. However, knock out studies of hupSL encoding for the large 
and small subunit of the Ni/Fe-dependent hydrogenase in M. capsulatus Bath, did 
not show differences in viability under nitrogen fixing and non-nitrogen fixing 
conditions in comparison to the wild type strain (Caski et al., 2001). Based on 
these results, the authors suggested that the hydrogenase is probably regulated by 
oxygen availability rather than by the hydrogen generated by the nitrogenase 
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enzyme complex. Our expression data also show an increased expression under 
both nitrogen fixing and oxygen limited conditions (Table 7). Since under oxygen 
limitation the nitrogen fixing genes were not expressed, while the hydrogenase 
encoding genes were expressed to even higher levels, oxygen seems to be the 
regulatory factor for the latter set of genes. 
The PII signal-transduction proteins (encoded by glnB and glnK) are used to 
transduce the nitrogen status of the cell to the NtrB-NtrC two-component 
regulatory system and the σ54-dependent amtB promoters to tune nif gene 
transcription (for a detailed overview see Dixon  Kahn, 2004). The glnB gene of 
strain SolV was highly expressed under all conditions and slightly up-regulated 
(1.5 fold) under N2 fixing conditions. Expression of glnK was overall about 5-fold 
lower than the expression of glnB and 3-fold down-regulated under nitrogen fixing 
conditions. In addition genes encoding for uridylyltransferase (glnD), NtrB and 
NtrC showed expression levels under the three conditions tested which did not 
significantly differ (Table 6). This suggests that in strain SolV the PII proteins are 
involved in sensing and regulating the status of fixed nitrogen in the cell. 
Transcription of the nif genes is regulated by nifA and nifL genes (Dixon  
Kahn, 2004). The expression of nifA is regulated by oxygen and/or fixed nitrogen 
and nifL gene is involved in oxygen sensing. We could not identify a nifL gene in 
the genome of strain SolV (Khadem et al., 2012 b). However, nifA is present and 
was 30-fold up-regulated under N2 fixing conditions.  
Nitrogenase is believed to be sensitive for reactive oxygen species (ROS), and 
during nitrogen fixation the level of ROS is reduced by up-regulation of ROS-
detoxifying genes. In Gluconacetobacter diazotrophicus up-regulation of these 
genes was observed during nitrogen fixation (Alquéres et al., 2010). Although, in 
the genome of strain SolV two sodA genes encoding for superoxide dismutases can 
be identified, they both are highly expressed under all conditions tested (RPKM 
values: Mfum_810007, 797 ± 163; Mfum_980001, 961 ± 669), but expression 
seems to be 1.5 to 3 fold lower under N2 fixing and O2 limited conditions. 
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Nitrosative stress  
 
The pMMO enzyme involved in the first step of CH4 oxidation in 
methanotrophs, also oxidizes ammonium which results in the formation of the 
intermediate hydroxylamine (NH2OH) (Hanson  Hanson, 1996; Nyerges & Stein, 
2009 and references therein; Stein & Klotz, 2011). Ammonia-oxidizers can relay 
electrons from hydroxylamine oxidation to the quinone pool to drive energy 
production and cellular growth (Klotz & Stein, 2008), but methanotrophs lack this 
relay and cannot produce energy from this oxidation. Since hydroxylamine is a 
highly toxic intermediate, methanotrophs rely on mechanisms to quickly remove it. 
In their natural habitat the “Ca. M. fumariolicum” cells are confronted with varying 
nitrogen levels (1-28 mM (Khadem et al., 2010)) which means that the cells have 
to balance assimilation and tolerance to reactive-N. Detoxification can be achieved 
by conversion of hydroxylamine back to ammonium or to nitrite through the use of 
a hydroxylamine reductase enzyme (HAO). The nitrite in turn can be converted to 
N2O via NO by putative denitrifying enzymes (nitrite reductase and NO-reductase, 
Campbell et al., 2011). Genes involved in these conversions may include hao, cytL, 
cytS, nirB, nirD, nirS or nirK, norB and norC. The genes hao, norB and norC were 
shown to be present in the genomes of the verrucomicrobial methanotrophs (Hou et 
al., 2008; Khadem et al., 2012 b), while a nirK homolog was only found in strain 
SolV. The gene inventory in methanotrophic bacteria for handling hydroxylamine 
or other toxic nitrosating intermediates and for those encoding putative denitrifying 
enzymes is diverse and unpredictable by phylotype or taxon (Stein & Klotz, 2011). 
In our study we found that although expressed under all conditions tested, 
expression of hao, norB and norC were 1.5 to 4.5 fold lower under nitrogen fixing 
conditions (Table 6), which makes sense in view of the expected lower ammonium 
levels in the cells. However, for nirK expression was low (RPKM = 63 to 72) 
except for the cells grown under oxygen limitation (RPKM = 200).  
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Conclusion 
 
In this study we analyzed the genome wide changes in expression during three 
different growth conditions which helped very much to understand the physiology 
of “Ca. Methylacidiphilum fumariolicum” strain SolV.  
The analysis indicated that the two of the three pmoCAB operons are probably 
regulated by oxygen, although the effect of other factors like growth rate, cell 
density can not be excluded. The results point to a regulation of the 
pmoCAB1/pmoCAB2 genes by the oxygen concentration. 
Further, the hydrogen produced during N2 fixation can be recycled, and that 
nitrosative stress is counter acted.  
 The obtained information will be a guide to design future physiological and 
biochemical studies.  
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Methane (CH4) is an important fossil fuel for households and industry, but also a 
trace gas in the atmosphere (Forster et al., 2007; Houghton et al., 1996). Methane 
shows a strong infrared absorption and the atmospheric methane directly affects the 
climate as a greenhouse gas, being 20 times more effective than carbon dioxide 
(CO2) (Denman et al., 2007; Shindell et al., 2009). Global warming is a worldwide 
concern and therefore it is important to increase knowledge of sources and sinks 
for methane. In addition complete knowledge of the global element cycles in 
marine, soil and aquatic habitats is especially important in the assessment of the 
future consequences of human impact on ecosystems worldwide (Conrad, 1996). 
Methane is emitted to the atmosphere from natural ecosystems (wetlands, 
ruminants, termites) or as a result of anthropogenic activities (rice paddies, 
landfills, coal mining). It is produced by methanogenic Archaea during 
decomposition of organic matter under anaerobic conditions (Schink, 1997; 
Thauer, 1998). In addition to this biogenic production, significant amounts of 
geological methane, produced within the Earth's crust, are released to the 
atmosphere. Emissions from geothermal areas like seeps, mud volcanoes, mud pots 
and fumaroles add up to an annual production of 45-75 Tg methane (Castaldi  
Tedesco, 2005; Kvenvolden  Rogers, 2005). Although the concentration of 
methane in the atmosphere has been steadily increasing over the past 300 years, it 
is maintained at a low level considering the amounts of methane produced. 
Methane-oxidizing microbes (also known as methanotrophs, see below) are 
assumed to be the major players in keeping the methane balance on our planet. 
Fundamental knowledge about methanotrophic bacteria is important since they are 
sinks for methane diffusing from both biogenic (degradation of organic matter) and 
abiogenic (seeps and geothermal areas) sources. They form a biofilter reducing 
methane emissions to the atmosphere. This makes them targets in strategies to 
combat global climate change. In addition, methanotrophic bacteria can be applied 
to treat odorous air streams and the methane monooxygenases of methanotrophs 
have unique ability to catalyze reactions of environmental and perhaps commercial 
importance (Semrau et al., 2011).  
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The discovery of the verrucomicrobial aerobic methanotrophs 
 
Methanotrophy occurs under both anaerobic and aerobic conditions. Anaerobic 
oxidation can be performed by consortia of methane-oxidizing Archaea and 
sulfate-reducing bacteria
 
or nitrite-reducing bacteria (Boetius et al., 2000; Ettwig et 
al., 2008; Raghoebarsing et al., 2006; Valentine & Reeburgh, 2000).  
The obligate aerobic methanotrophs form a unique group of bacteria which 
utilize methane as sole source of energy and carbon (Hanson  Hanson, 1996). 
Until 2007, the phylogenetic distribution of the aerobic methanotrophs was limited 
to the Alphaproteobacteria and Gammaproteobacteria (Hanson  Hanson, 1996). 
Proteobacterial aerobic methanotrophs are widespread in natural environments 
(such as fresh and marine waters and sediments, soils and rice paddies) where they 
feed on the methane produced by methanogens in the anoxic zones of these 
environments. Most of them are neutrophilic or mesophilic (Trotsenko  
Khmelenina, 2002; Tsubota et al., 2005; Dedysh et al., 2000;  Dedysh et al., 2002; 
Dedysh et al., 2007).  
Very recently (late 2007 to early 2008), aerobic methanotrophs belonging to the 
Verrucomicrobia phylum were isolated from the Solfatara at Pozzuoli near Naples 
(Italy), Hell's Gate, Tikitere (New Zealand) and Uzon Caldera, Kamchatka, 
(Russia) (Dunfield et al., 2007; Islam et al., 2008; Pol et al., 2007). For these novel 
thermoacidophilic aerobic methanotrophs, the genus name Methylacidiphilum was 
proposed (Op den Camp et al., 2009). So far the Methylacidiphilum genus is 
represented by three strains; Methylacidiphilum fumariolicum strain SolV, 
Methylacidiphilum infernorum strain V4 and Methylacidiphilum kamchatkense 
strain Kam1. All three strains are well adapted to the harsh volcanic environment 
(Op den Camp et al., 2009; Pol et al., 2007), being able to thrive at very low 
methane and oxygen concentrations and pH values as low as 1. This exciting 
discovery was a complete surprise to most microbiologists. It has revealed that the 
ability of bacteria to oxidize methane is much more diverse than has previously 
been assumed in terms of ecology, phylogeny and physiology (Hanson  Hanson, 
1996). In addition, this discovery showed that natural geological sources such as 
mud volcanoes are also important sinks for methane. It was the first time that 
representatives of the widely distributed Verrucomicrobia phylum were coupled to 
a geochemical cycle. The verrucomicrobial aerobic methanotrophs may be 
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significant players in geochemical carbon cycling. Because the discovery of these 
microbes is very recent there potential is still unexplored and they will harbor 
biochemically very exciting pathways.  
This thesis focus on the biochemistry and physiology of one of the 
verrucomicrobial aerobic methanotrophs, Methylacidiphilum fumariolicum strain 
SolV. In this study several approaches like genomics, electron microscopy, mRNA 
analyses, 13C-labelling experiments etc., were combined to unravel the metabolism 
of strain SolV in molecular detail.  
 
The draft genome of Methylacidiphilum fumariolicum SolV  
 
Although the biodiversity within the Verrucomicrobia phylum is assumed to be 
very large, little is known about their physiology and only ten genome sequences 
are available, including those of M. infernorum strain V4 and the draft genome of 
M. fumariolicum strain SolV (Hou et al., 2008; Khadem et al., 2012 b; van Passel 
et al., 2011; Wagner & Horn, 2006). 
In Chapter Two of this thesis, the draft genome of strain SolV was described. 
The nucleotide sequence of the genome of strain SolV was unraveled using Next 
Generation Sequencing technology. The genome analysis of strain SolV has shown 
that there are similarities but also differences between the verrucomicrobial and 
proteobacterial methanotrophs. If we look at the nitrogen metabolism we see that 
both types of methanotrophs contain genes involved in nitrogen (N2) fixation. In 
the area of the carbon metabolism, we see more differences. In the genome of 
strain SolV, three different operons (pmoCAB) encoding the three subunits of 
membrane-bound methane monooxygenases (pMMO) has been identified, along 
with a different (uncommon) methanol dehydrogenase. The pMMO is a crucial 
enzyme involved in the first step of the methane oxidation pathway, the conversion 
of methane to methanol. It is known that proteobacterial methanotrophs are able to 
assimilate carbon for biomass production, starting from formaldehyde, a substance 
which is produced during the oxidation of methane. There are two pathways for the 
assimilation of this formaldehyde, the ribulose monophosphate (RuMP) pathway, 
in which all biomass is derived from formaldehyde and the serine pathway with 
biomass derived from carbon dioxide and formaldehyde. The essential genes that 
encode these two assimilation pathways were not found in the genome of strain 
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SolV. Instead, genes encoding for enzymes involved in the Calvin-Benson-
Bassham (CBB) cycle were shown to be present in the genome. This suggested that 
strain SolV can fix carbon dioxide for biomass synthesis. Also, genes involved in 
carbon storage in the form of glycogen were identified. The genome data formed 
the basis for the physiological studies (Chapter three, four and five) and the 
transcriptome analyses (Chapter six).  
 
N2-fixation by Methylacidiphilum fumariolicum SolV 
 
Knowledge on atmospheric nitrogen (N2) fixation by methanotrophs is needed to 
understand their role in nitrogen cycling in different environments. Based on 
genetic and biochemical evidence, N2 fixation capabilities were shown to be 
broadly distributed among aerobic and anaerobic methanotrophs (Auman et al., 
2001; Dekas et al., 2009).   
Since M. fumariolicum SolV is a novel thermoacidophilic aerobic methanotroph, 
the aim of this study was to elucidate nitrogen fixation by this microorganism. In 
Chapter Three, nitrogen fixation by strain SolV is presented. In this study, growth 
experiments (in batch and chemostat), were combined with nitrogenase activity 
tests (acetylene reduction to ethylene), and phylogenetic analysis of the nifDHK 
genes (encoding the nitrogenase enzyme). The nitrogenase enzyme is responsible 
for breaking the N-N bond and the formation of ammonium (NH4+), and is crucial 
for nitrogen fixation. The results showed that strain SolV can fix nitrogen in 
chemostat cultures only under low oxygen concentration (0.5 % dissolved oxygen) 
and in absence of ammonium. This low oxygen concentration was shown to be 
required for an optimal nitrogenase activity. Based on the acetylene (C2H2) assay 
and the growth experiments, the nitrogenase of strain SolV seems extremely 
oxygen sensitive compared to most proteobacterial methanotrophs. The activity of 
nitrogenase was not inhibited by ammonium concentrations up to 94 mM. This 
chapter is the first report on physiology of N2 fixation within the Verrucomicrobia 
phylum. 
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CO2 fixation by Methylacidiphilum fumariolicum SolV 
 
Carbon fixation by methanotrophs has been a topic of research for decades, and 
the assimilation via the CBB cycle by proteobacterial aerobic methanotrophs is 
unlikely, because CBB is associated with high ATP requirements (Chistoserdova et 
al., 2009).  
Chapter Four focusses on carbon dioxide fixation by strain SolV. For this 
study, strain SolV was grown in batch and chemostat cultures. The mRNA from 
the cells was used for a transcriptome analysis, while also 13C-labeling experiments 
and ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO, the first and key 
enzyme of the CBB cycle) activity tests were performed. To measure the activity of 
RuBisCO a stable isotope method was developed. The results showed that the 
genes involved in the CBB cycle, were highly expressed, especially the two genes 
encoding for the large and small subunits of RuBisCO. The 13C-labeling 
experiments showed clearly that carbon dioxide is the carbon source for strain 
SolV. The activity test of RuBisCO was only positive in the supernatant fraction of 
the cell-free extract, which indicates that the enzyme is a cytosolic protein, being 
not present in carboxysomes (organelles within the cell that are involved in carbon 
dioxide fixation). By making use of gel electrophoresis and size-exclusion 
chromatography, it was demonstrated that RuBisCO probably consist of 8 small 
(16-kDa) and 8 large (54-kDa) subunits. Phylogenetic analysis including the cbbL 
gene from strain SolV, encoding for the large subunit of RuBisCO, showed that the 
verrucomicrobial RuBisCO’s represent a new type (suggested name: type IE).  
 
Glycogen storage in Methylacidiphilum fumariolicum SolV 
 
It is known that methanotrophs start to store carbon, when nitrogen becomes 
limiting and carbon is in access. Many studies have been focusing on the 
polyhydroxybutyrate (PHB) storage and its role in methanotrophs (Pieja et al., 
2011 a and b). In contrast detailed studies about glycogen production and its role in 
methanotrophs are sparse (Eshinimaev et al., 2002; Linton & Cripps, 1978) and the 
presence of glycogen is reported only based on microscopical observations.    
The storage of carbon in the form of glycogen after ammonium exhaustion is 
described in Chapter Five. For this study, fed-batch cultures of strain SolV were 
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used. The cells were harvested at different time points during the growth period 
and were used for electron microscopy, elementary analysis, and biochemical 
analysis of protein and glycogen levels. Growth experiments showed that after the 
exhaustion of the ammonium, optical density (measured at 600 nm) and dry weight 
of strain SolV continued to increase for another 7 days. The cell number increased 
only till 35 hours after the depletion of ammonium, and then stopped. The 
elemental analysis (measuring the ratio of carbon/nitrogen), showed that after 
ammonium exhaustion total nitrogen (mg per ml cell culture) did not increase, 
while the total amount of carbon (mg per ml cell culture) was still increasing 
linearly (although with decreasing speed), pointing to a possible carbon storage. 
This was confirmed with an electron microscopic (specific staining), and 
biochemical analysis (glucose measurement after enzymatic digestion) of 
glycogen. These analyses have shown that strain SolV, immediately starts to 
accumulate glycogen after depletion of ammonium. The importance of glycogen 
for strain SolV was demonstrated on the basis of growth experiments under 
substrate limitation. The results indicate that glycogen containing cells remained 
vital for long periods in the absence of methane. Based on the analysis of 13C 
carbon dioxide released from cells containing 13C-labeled glycogen, it could be 
concluded that the cells are consuming the stored glycogen in the absence of 
methane, but that this was not linked to growth (increase in cell number). 
 
Whole genome transcriptome analysis of Methylacidiphilum 
fumariolicum SolV 
 
Cells grown under different conditions are the basis for the transcriptome 
analysis described in Chapter Six. Exponentially growing cells in bottles (with 
methane, carbon dioxide, oxygen and ammonium in excess), nitrogen-fixing cells 
in the chemostat (no ammonium, and 0.5 % dissolved oxygen) and oxygen-limited 
cells in the chemostat (with ammonium, methane and carbon dioxide in excess) 
were compared with each other. The annotated genome (Chapter two) formed the 
basis for the transcriptome analysis. Under nitrogen-fixing conditions, all genes 
involved in this pathway are up-regulated. Under all conditions tested, the genes 
involved in the CBB cycle are highly expressed. These results underscored the 
importance of this cycle for the cell in the formation of biomass. Two of the three 
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pmoCAB operons, encoding for the methane monooxygenases (pMMO’s), showed 
differential expression. This appears to be dependent on the oxygen concentration. 
The third operon was not expressed under any of the conditions tested in this study.   
 
In conclusion this thesis describes a number of important properties of 
Methylacidiphilum fumariolicum strain SolV, a representative of the recently 
discovered methanotrophic Verrucomicrobia. The work performed is necessary to 
assess the environmental importance of these microbes as a methane sink in 
volcanic areas. The available draft genome, together with the transcriptome data of 
cells from three different culture conditions, is very helpful for future design of 
physiological experiments. Based on these data several future studies could be 
suggested (see below). 
 
 Dealing with nitrosative stress. If we want to understand the 
methane fluxes from the geothermal areas, it is important to understand the 
verrucomicrobial methanotrophs and their controlling environmental 
factors. Beside the availability of methane and oxygen, nitrogen can have 
an important role in methane oxidation and can be either an inhibiting or 
stimulating factor. There are several studies with contradictory findings 
about the inhibition, stimulation or absence of effect of ammonium based 
N-fertilization on methanotrophs (Shrestha et al., 2010). In our study 
optimal cultivation of strain SolV in the laboratory needs the addition of 
Fangaia soil extract to the growth medium. In this study highly variable 
ammonium concentrations (1 to 28 mM) were measured in soil extracts 
sampled during different visits of the Solfatara. This might indicate that dry 
seasons or heavy rain falls might influence the concentration of fixed 
nitrogen. In the future more studies are required about the availability of 
fixed nitrogen in the Solfatara ecosystem and the effect of ammonium 
concentration on strain SolV. This study will help to predict the emission of 
methane into the atmosphere from geothermal areas. In the draft genome of 
strain SolV, genes for nitrite reduction (nirK) and nitric oxide reduction 
(norB, norC), were identified but the inventory to encode nitrous oxide 
reduction was missing. A haoAB gene cluster encoding hydroxylamine 
oxidase was identified, suggesting the capability of nitrification and 
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nitrosative stress handling (Nyerges et al., 2010; Nyerges & Stein, 2009; 
Stein & Klotz, 2011). 
 
 The C2 metabolism of M. fumariolicum. In the draft genome of 
M. fumariolicum SolV genes encoding for acetate kinase (ackA) and acetyl 
coenzyme A synthase (acsA) were identified (Chapter Two) and shown to 
be expressed (Chapter six). If these data can be further validated by growth 
experiments on acetate, demonstrating that strain SolV is able to assimilate 
C2 compounds, and thus should be regarded as a facultative methanotroph 
(Semrau et al., 2011). 
 
 Autotrophic growth. The 13C-labeling experiments in chemostat 
cultures have demonstrated that carbon dioxide was the carbon source for 
strain SolV (Chapter Four). To provide the ultimate proof that M. 
fumariolicum is an autotrophic microorganism, knockout and 
complementation studies are required, for which a genetic system has to be 
developed. In addition the presence of a hydrogenase gene cluster in the 
genome of strain SolV (Chapter Two) points towards the possibility of 
using hydrogen gas (H2) as an alternative electron donor and the possibility 
of chemolithotrophic growth or the use of hydrogen to provide reducing 
equivalents for methane oxidation. 
 
 Differential regulation of the three pmoCAB operons. One 
of the pmoCAB operons was not expressed under the different conditions 
tested in the transcriptome analysis (Chapter six). Thus far it became clear 
that the oxygen concentration has an effect on the expression of the other 
operons. It could be hypothesized that the available methane concentration 
is a trigger for the pmoCAB3 operon, or this pMMO may have a function in 
oxidizing higher alkanes. Growth studies in methane limited chemostat 
cultures or batch cultures with higher alkanes (propane, butane) as 
substrates may provide answers.     
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 Analysis of the ultrastructure. Detailed analysis of the 
ultrastructure, including the cellular localization of the enzymes involved in 
methane oxidation, especially the pMMO enzyme, would be very 
interesting, since the verrucomicrobial methanotrophs lack the internal 
membrane structures, like those found in proteobacterial methanotrophs. 
 
 Detection of the verrucomicrobial methanotrophs. For the 
detection of microorganisms in the environment, it is important to identify 
a marker gene suitable for that particular microorganism. The availability 
of a large database of 16S ribosomal RNA gene sequences makes this gene 
a good marker to detect microorganisms at different taxonomic levels. In 
addition and as a complementary method, the pmoA gene is used to detect 
aerobic methanotrophs in the environment (McDonald et al., 2008). This 
functional gene is more unique to the physiology and metabolism of the 
proteobacterial aerobic methanotrophs and is found in all genera of the 
proteobacterial methanotrophs, except for Methylocella silvestris BL2 
(Chen et al., 2010). A phylogenetic tree of the proteobacterial aerobic 
methanotrophs based on pmoA gene sequences corresponds very well with 
16S ribosomal RNA phylogeny, except for Crenothrix polyspora (Stoecker 
et al., 2006). No amplification of the verrucomicrobial methanotrophic 
pmoA gene was observed, when using the standard pmoA gene primer 
system. Since the proteobacterial pmoA gene primer contained multiple 
mismatches to all of the pmoA genes in the verrucomicrobial 
methanotrophic strains, these genes were only identified by full genome 
sequencing. Pol et al. (2007) were able to detect some related 
Methylacidiphilum-like pmoA sequences in Solfatara soil, but only when 
the PCR stringency was greatly reduced. These results suggests that the 
failure to detect Verrucomicrobia-like pmoA genes in previous microbial 
ecology studies does not necessarily mean that this type of bacteria were 
absent from the environments studied. The discovery of the novel 
verrucomicrobial pMMO’s has made clear that designing new primers is 
worthwhile and urgently needed. 
Since the methods described above cannot distinguishes between living and 
dead microorganisms, the presence of active methanotrophs can also be 
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assessed by stable isotope probing (SIP) and phospholipid fatty-acid 
labeling (PFAL). These techniques rely on the incorporation of the labeled 
methane into DNA/RNA or lipids, respectively (McDonald et al., 2008 and 
references therein). However, the autotrophic nature of the 
verrucomicrobial methanotrophs has large consequences for their detection 
in the environment. The use of SIP and PFAL methods will overlook the 
involvement of these autotrophic methanotrophs especially in environments 
with high carbon dioxide concentrations. The cbbL genes are usually 
applied as a molecular marker to study the distribution and diversity of 
autotrophic bacteria. The verrucomicrobial RuBisCO type has not been 
detected before by molecular approaches. This can be explained by the 
mismatches observed in this study for all the available RuBisCO primer 
sets (Alfreider et al., 2009; Elsaied et al., 2007; Selesi et al., 2007; Tourova 
et al., 2010). In the future, research into the occurrence of methanotrophic 
Verrucomicrobia in colder and less acidic regions could be started by 
developing novel specific primer sets  to detect phylogenetic (16S 
ribosomal RNA) and functional gene markers (e.g. pmoA, cbbL). 
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Kweken van Methylacidiphilum fumariolicum stam SolV onder specifieke conditie. 
Foto door Ahmad F. Khadem. 
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Methaan (CH4) is na koolstofdioxide (CO2) het belangrijkste broeikasgas. De 
toename van beide gassen in de atmosfeer zorgt voor opwarming van de aarde. 
Methaan in de atmosfeer is afkomstig van zowel natuurlijke als antropogene 
bronnen. Methaan wordt geproduceerd door methanogene Archaea, die actief zijn 
bij de afbraak van organisch materiaal onder anaërobe omstandigheden. Daarnaast 
wordt er ook (niet-biologisch) methaan gevormd tijdens geothermale processen. 
Gelukkig komt niet al dit geproduceerde methaan in de atmosfeer terecht. Een 
groot gedeelte van het geproduceerde methaan wordt afgebroken door 
methaanoxiderende bacteriën (ook bekend als methanotrofe bacteriën). Aërobe 
methanotrofe bacteriën zijn micro-organismen die methaan als energie- en 
koolstofbron gebruiken. Tot 2007 konden alle toendertijd bekende genera van 
aërobe methanotrofen geplaatst worden binnen de Proteobacteriën. In dit 
proefschrift echter worden de resultaten van vier jaar onderzoek aan een nieuwe, 
niet proteobacteriële methanotroof, Methylacidiphilum fumariolicum stam SolV, 
beschreven. Dit micro-organisme werd geïsoleerd uit een monster afkomstig uit 
een vulkanisch gebied in Italië, dicht bij Naples en werd in 2007 beschreven. 
Fylogenetische analyse gebaseerd op het 16S ribosoomaal RNA gen heeft laten 
zien, dat stam SolV samen met twee andere stammen (V4 en Kam1), die geïsoleerd 
werden uit vulkanische gebieden in Rusland en Nieuw-Zeeland, een nieuw type 
methanotrofen vertegenwoordigen die behoren tot de Verrucomicrobia. Alle drie 
stammen zijn goed aangepast aan de barre vulkanische omgeving en kunnen leven 
op zeer lage concentraties methaan en zuurstof, bij hoge temperaturen (50-95 C) 
en pH waarden van 1. Het was voor het eerst dat representanten van de 
Verrucomicrobia, waarvan bekend is dat ze in hoge aantallen en in veel gebieden 
op aarde voorkomen, gekoppeld konden worden aan een geochemische cyclus. 
Omdat methaan bijdraagt aan het broeikaseffect, is het belangrijk dat we onze 
kennis over methaanoxiderende bacteriën uitbreiden. Om de biochemie en 
fysiologie van Methylacidiphilum fumariolicum stam SolV te ontrafelen, heb ik in 
mijn onderzoek verschillende technieken zoals genoom-, transcriptoom analyses, 
elektronen microscopie en 13C-labelingsexperimenten uitgevoerd.  
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In Hoofdstuk Twee van dit proefschrift wordt het genoom van stam SolV 
beschreven. De basepaar volgorde van het genoom van stam SolV werd met behulp 
van ‘next generation sequencing’ in kaart gebracht. De genoom analyse van stam 
SolV heeft laten zien, dat er overeenkomsten maar ook verschillen zijn tussen de 
verrucomicrobiële en de proteobacteriële methanotrofen. Als we kijken naar het 
stiksofmetabolisme zien we dat beide typen methanotrofen genen bevatten die 
betroken zijn bij de stikstof (N2) fixatie. Op het gebied van het 
koolstofmetabolisme zien we grotere verschillen. In het genoom van stam SolV 
werden maar liefst drie verschillende operonen (pmoCAB) coderend voor de drie 
subunits van membraan gebonden methaanmonooxygenases (pMMO) 
geïdentificeerd, samen met een afwijkend methanol dehydrogenase. Het pMMO is 
een cruciaal enzym betrokken bij de eerste stap van de methaanoxidatieroute, de 
omzetting van methaan in methanol. Het is bekend dat proteobacteriële 
methanotrofen koolstof kunnen assimileren voor biomassa productie, startend 
vanaf formaldehyde, een stof die geproduceerd wordt tijdens de oxidatie van 
methaan. Hiervoor bestaan twee routes, de ribulose monofosfaat route (RuMP; alle 
biomassa is afkomstig van formaldehyde) en de serine route (biomassa is 
afkomstig van formaldehyde en koolstofdioxide). De essentiële genen die voor 
deze twee assimilatieroutes coderen werden niet gevonden in het genoom van 
Methylacidiphilum fumariolicum stam SolV. In plaats daarvan bleken genen die 
coderen voor enzymen betrokken bij de Calvin-Benson-Bassham (CBB) route 
aanwezig in het genoom. Dit suggereerde dat stam SolV koolstofdioxide kan 
fixeren voor biomassa synthese. Ook genen betrokken bij opslag van koolstof in de 
vorm van glycogeen werden geïdentificeerd. De genoom data vormden de basis 
voor fysiologische studies (Hoofdstuk drie, vier en vijf) en transcriptoom analyses 
(Hoofdstuk zes). 
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In Hoofdstuk Drie wordt de stikstoffixatie door stam SolV gepresenteerd. In 
deze studie werden groeiexperimenten (in batch en chemostaat) gecombineerd met 
nitrogenase activiteitstesten (acetyleen reductie naar ethyleen) en fylogenetische 
analyse van de nifDHK genen (die coderen voor het nitrogenase enzym). Het 
nitrogenase enzym zorgt voor het verbreken van de N-N binding en de vorming 
van ammonium (NH4+), en is cruciaal voor de stikstoffixatie. De resultaten laten 
zien dat stam SolV alleen onder lage zuurstofconcentratie (0.5 % opgeloste 
zuurstof) en in afwezigheid van ammonium stikstof kan fixeren. Het nitrogenase 
van de verrucomicrobiële methanotrofen lijkt gevoeliger voor zuurstof dan het 
nitrogenase van proteobacteriële methanotrofen. 
 
Hoofdstuk Vier beschrijft de koolstofdioxidefixatie door stam SolV. Ook voor 
deze studie werd stam SolV gekweekt onder batch en chemostaat condities. Het 
messenger RNA uit de cellen werd gebruikt voor een transcriptoom analyse, terwijl 
daarnaast ook 13C-labelingsexperimenten en ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RuBisCO) activiteitstesten werden uitgevoerd. De 
resultaten lieten zien dat de genen betrokken bij de CBB route, hoog tot expressie 
kwamen, vooral de twee genen coderend voor RuBisCO, het belangrijke eerste 
enzym van de CBB route. 13C-labelingsexperimenten maakten duidelijk dat 
koolstofdioxide de koolstofbron is voor stam SolV. De RuBisCO activiteitstest was 
alleen positief in de supernatant fractie van het celvrij extract, wat er op duidt dat 
het enzym vrij in de cel voorkomt en niet in carboxysomen (organellen in de cel 
die betrokken zijn bij koolstofdioxidefixatie). Door gebruik te maken van 
gelelectroforese en size-exclusion chromatografie, kon aangetoond worden dat 
RuBisCO waarschijnlijk uit 8 kleine (16-kDa) en 8 grote (54-kDa) subunits bestaat. 
Fylogenetische analyse van het RuBisCO gen cbbL liet zien dat er sprake is van 
een nieuw type RuBisCO (gesuggereerde naam: type IE). 
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De opslag van koolstof in de vorm van glycogeen na ammoniumuitputting wordt 
beschreven in Hoofdstuk Vijf. Voor deze studie werden fed-batch kweken 
gebruikt. De cellen werden geoogst op verschillende tijdstippen tijdens de groei en 
gebruikt voor elektronen microscopie, elementaire- en biochemische analyses van 
eiwit- en glycogeengehaltes. De groeiexperimenten lieten zien dat na het opraken 
van het ammonium de toename in optische dichtheid (gemeten bij 600 nm) en 
drooggewicht van stam SolV nog gedurende 7 dagen doorging. Het celaantal steeg 
nog slechts 35 uur na het opraken van het ammonium, en stopte vervolgens. De 
elementaire analyse (geeft de verhouding koolstof / stikstof aan), heeft laten zien, 
dat na ammoniumuitputting de totale hoeveelheid stikstof (mg per ml celcultuur) 
niet meer toenam, terwijl de totale hoeveelheid koolstof (mg per ml celcultuur) nog 
steeds lineair toenam (weliswaar met afnemende snelheid). Dit wees op een 
mogelijke koolstofopslag. Dit werd bevestigd met een elektronen microscopische 
(specifieke kleuring) en biochemische analyse (glucose meting). Deze analyses 
hebben laten zien, dat stam SolV, direct begint met glycogeen te accumuleren, na 
het opraken van het ammonium. Het belang van glycogeen voor stam SolV werd 
aangetoond aan de hand van groeiexperimenten onder substraatlimitatie. De 
resultaten wijzen er op, dat glycogeen bevattende cellen vitaler bleven gedurende 
lange periodes (40 dagen) bij afwezigheid van methaan. Gebaseerd op de analyse 
van vrijkomend 13C-koolstofdioxide uit met 13C-glycogeen opgeladen cellen kon 
geconcludeerd worden, dat de cellen glycogeen consumeerden in afwezigheid van 
methaan, maar dat dit niet gekoppeld was aan groei (toename in aantal cellen).  
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Cellen gekweekt onder verschillende omstandigheden vormen de basis voor de 
transcriptoom analyse beschreven in Hoofdstuk Zes. Exponentieel groeiende 
cellen in flessen (met methaan, koolstofdioxide, zuurstof en ammonium in 
overmaat), stikstof fixerende cellen in de chemostaat (met methaan, 
koolstofdioxide en 0.5 % opgelost zuurstof, maar geen ammonium) en zuurstof 
gelimiteerde cellen in de chemostaat (met ammonium, methaan en koolstofdioxide 
in overmaat) werden met elkaar vergeleken. Het geannoteerde genoom (Hoofdstuk 
twee) vormde de basis voor de transcriptoom analyses en de fysiologische studies 
(Hoofdstuk drie, vier en vijf) werden verder onderbouwd. Onder stikstof fixerende 
condities werden alle genen betrokken bij deze route geactiveerd. Onder alle 
omstandigheden kwamen de genen betrokken bij de CBB route hoog tot expressie. 
Dit resultaat onderbouwt het belang van deze route voor de cel bij de vorming van 
biomassa. Twee van de drie operonen met pmo genen lieten differentiële expressie 
zien, die afhankelijk lijkt te zijn van de zuurstofconcentratie. Het derde operon 
kwam onder geen van de geteste condities tot expressie.  
 
Dit proefschrift beschrijft een aantal belangrijke eigenschappen van 
Methylacidiphilum fumariolicum stam SolV, een vertegenwoordiger van de recent 
ontdekte methanotrofe Verrucomicrobia, met als doel de rol van deze micro-
organismen als methaan consumeerders in vulkanische gebieden beter te begrijpen. 
In Hoofdstuk Zeven wordt een samenvatting gegeven van de resultaten en worden 
suggesties gedaan voor vervolgonderzoek. Speerpunten voor dit onderzoek zouden 
kunnen zijn:  
 de mogelijkheden van stam SolV bij het omgaan met “nitrosative stress”. 
 het C2 metabolisme (o.a. het gebruik van acetaat) van stam SolV. 
 de mogelijkheden tot autotrofe groei op waterstofgas (H2) als alternatieve 
elektronendonor. 
 de differentiële regulatie van de drie pMMO coderende pmoCAB operonen. 
 gedetailleerde analyse van de ultrastructuur inclusief de cellulaire 
localisatie van de enzymen betrokken bij methaan-oxidatie. 
 onderzoek naar het voorkomen van methanotrofe Verrucomicrobia in 
koudere en minder zure gebieden door het ontwikkelen van specifieke 
primer sets (pmoA, cbbL, 16S ribosoomaal RNA etc.) en biomarkers.  
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Size exclusion chromatography.  
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  (٢١٠٢حمد فؤاد كاظم )أ   ٠١  
وتمت مقارنة ھذه الخلايا مع بعضھا البعض، واستند الباحث في ذلك الى شرح الجينوم الѧذي ُذكѧر فѧي الفصѧل 
و  الثالѧث الفصѧلالثاني الذي يمثل الاساس لتحليلات الترنسكريبتوم ويثبت التجارب الفزيولوجية )الѧواردة فѧي 
  الخامس(.  و الرابع
التعبيѧر تحت ظѧروف تثبيѧت النتѧروجين نلاحѧظ ان جميѧع الجينѧات التѧي تسѧھم فѧي ھѧذه العمليѧة جѧرى تفعيلھѧا )
ھѧذه النتيجѧة تثبѧت عاليѧة.  )BBC(فѧي دورة  لمسѧؤولةكان تعبير الجينѧات ا في ظل جميع الظروفالجيني(، و
نѧѧان مѧѧن اصѧѧل ثلاثѧѧة مشѧѧاغل اظھѧѧرت التحاليѧѧل ان اثأھميѧѧة ھѧѧذه الѧѧدورة للخليѧѧة فѧѧي تكѧѧوين الكتلѧѧة الحيويѧѧة. و
الѧѧذي يبѧѧدو أنѧѧه يعتمѧѧد علѧѧى تركيѧѧز الموجѧѧودة فѧѧي الجينѧѧوم تُظھѧѧر فرقѧѧا فѧѧي التعبيѧѧر الجينѧѧي  )BAComp(
  الأوكسجين. اما المشغل الثالث فلم ياتي بأي تغيير في التعبير الجيني في ظل الظروف المختبرية.
  
التي تمثل الميثانوتروفس الھوائية فѧي  VloSإن ھذه الاطروحة تصف عددا من الخصائص المھمة لسلالة 
المكتشѧفة مѧؤخرا ًوكѧان الھѧدف مѧن ھѧذه التجѧارب فھѧم دور ھѧذه البكتيريѧا  (aiborcimocurreV)شѧعبة الѧـ 
جѧرى تلخѧيص النتѧائج وتقѧديم عѧددا ًمѧن  الفصѧل السѧابعفѧي  كُمسѧتَھلك لغѧاز الميثѧان فѧي المنѧاطق البركانيѧة.
  انت اولويات ھذه البحوث ھي:الاقتراحات للتجارب المستقبلية، وك
  )evitasortiN(.للتعامل مع اجھاد الـ VloSسلالة امكانيات  
 .VloSمن سلالة ( أسيتاتبما في ذلك استخدام ) 2Cالتمثيل الغذائي  
 .( كجھة بديلة مانحة للالكترونات2Hإمكانات النمو الحقيقي ذاتية التغذية على الھيدروجين ) 
 (.OMMp( التي ترمز الى ثلاثة انزيمات )BACompني في مشاغل )تنظيم اختلاف التعبير الجي 
تحليل مفصѧل للتركيѧب الѧدقيق بمѧا فѧي ذلѧك موقѧع الانزيمѧات التѧي تشѧارك فѧي اكسѧدة الميثѧان داخѧل  
 .الخلايا
في مناطق  (aiborcimocurreV) الميثانوتروفس الھوائية في شعبة الـالبحث في احتمالية  ظھور  
تسѧتھدف ( stes remirPمشѧرع محѧددة ) حامضѧية مѧن خѧلال تطѧوير مجموعѧاتأقѧل أكثر بѧرودة و
الѧѧѧخ(، ، )S61(، الحمѧѧѧض النѧѧѧووي الريبѧѧѧي Lbbc،Aompوھѧѧѧذه الجينѧѧѧات ھѧѧѧي: )جينѧѧѧات معينѧѧѧة 
 المؤشرات الحيوية.و
 
  .ومن ﷲ التوفيق
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  (٢١٠٢حمد فؤاد كاظم )أ   ٩  
داخѧل الخليѧة ويكѧون غيѧر موجѧود فѧي الكاربكسيسѧوم )العضѧيات الموجѧودة داخѧل فѧي على حرية ھѧذا الانѧزيم 
الخلايا التي تساعد في تثبيت ثاني أوكسيد الكربون و تكѧون موجѧودة فѧي أنѧواع معينѧة مѧن البكتيريѧا(. ويمكننѧا 
(. ٤٥-aDkوحدات كبѧرى ) ٨و  (٦١-aDkوحدات صغرى ) ٨( يتكون من OCsiBuRملاحظة ان انزيم )
وكانت وسائل البحث تتمثل باستخدام ھلام كھربائي )تسѧتخدم فيѧه تقنيѧة خاصѧة لفصѧل البروتينѧات عѧن طريѧق 
تطبيق مجال كھربائي في وسط ھلامي(، وحجم الاستبعاد اللوني )يُفصѧل بѧين الجسѧيمات علѧى أسѧاس الحجѧم، 
( الѧذي يرمѧز Lbbcواظھر تحليѧل النشѧوء والتطѧور مѧن الجѧين ) وبالتالي فإنھا تكون مفيدة لتنقية البروتينات(.
( ان ھناك نوعا جديدا من ھذا الانزيم )والاسم المقترح لتسѧميته بѧه: OCsiBuRالى الوحدات الكبرى لانزيم )
 (.EIنوع 
 
. فѧي الفصѧل الخѧامسإن تخزين الكربون في شكل جليكوجين في ظل نضѧوب الأمونيѧوم يѧتم توضѧيحه فѧي 
حيث تُحصد الخلايا في  ،)hctab-def(في ناظم كيميائي حسب طريقة  VloSسة جرى تنمية سلالة ھذه الدرا
البايوكيميѧائي مѧن تحليѧل أوقات مختلفة خلال فترة النمو، وأُستُخِدم المجھѧر الالكترونѧي، وتحليѧل العناصѧر، وال
الكثافѧة ان الزيѧادة فѧي  الأمونيѧومنفѧاد ، انѧه بعѧد وأظھرت نتائج التجارب الفيزيولوجيѧةالجليكوجين. البروتين و
 وزيѧادة عѧدد الخلايѧا ،أيѧام ٧اسѧتمر حتѧى  VloSسѧلالة الѧوزن الجѧاف لنѧانومتر( و ٠٠٦البصѧرية )يقѧاس بѧـ 
وأظھر نتائج تحليل العناصѧر )أي نسѧبة  .ساعة بعد نضوب الأمونيوم ثم توقفت عن النمو ٥٣استمر ما يقارب 
النيتروجين بمقدار مليغرام/مليلتѧر مѧن الخلايѧا  ، إن اجمالي كميةنيومبعد نضوب الأمو، الكربون/ النيتروجين(
خطيѧا ًفѧي  ويستمر بالزيѧادة بمقدار مليغرام/مليلتر من الخلايا يزداد،كربون اجمالي كمية ال، في حين أن لم تزد
في الخلايا. وھذا ما أكѧده  ويمكن ان تكون ھذه اشارة لتخزين الكربون، الرسم البياني )ولو مع خفض السرعة(
تحليل نتائج المجھѧر الألكترونѧي )صѧبغة محѧددة(، والتحليѧل البايوكيميѧائي )قيѧاس الغلوكѧوز( وھѧذه التحلѧيلات 
يجري انتاج وتѧراكم الجليكѧوجين فيھѧا بعѧد اسѧتنفاد الأمونيѧوم.  VloSسلالة اظھرت لنا ان الخلايا الُمنتَجة في 
وأشѧارت . بѧالرجوع إلѧى تجѧارب النمѧو تحѧت تقييѧد الركيѧزة VloSسѧلالة  وقد أُظھرت أھمية الجليكѧوجين فѧي
بعѧد  يومѧا(ً ٠٤قابلѧة للنمѧو لفتѧرات طويلѧة )والجليكوجين، كانت أكثر قѧوة الخلايا المحتوية على النتائج إلى أن 
ي علѧى وكسѧيد الكربѧون، المنبعѧث مѧن الخلايѧا التѧي تحتѧوأثѧاني  -(C31) تقييѧد الميثѧان. واسѧتنادا ًعلѧى تحليѧل
، ستھلك في حالة عدم وجود غاز الميثѧانفي الخلايا كان يُ  أن الجليكوجين الجليكوجين، استنتج الباحث -(C31)
  (.بالنمو )الزيادة في أعداد الخلايالھا  ھذه النتيجة لا علاقةولكن 
  
أساس تحليل الترنسѧكريبتوم مѧن خѧلال اجѧراء التجѧارب علѧى خلايѧا نمѧت فѧي ظѧل  الفصل السادسوصف 
  ظروف مختلفة، وكالآتي:
، وثѧاني أكسѧيد الكربѧون ،خلايا تنمو نموا مطردا ًفي زجاجات تحتوي علѧى مركبѧات ُمعينѧة )الميثѧان 
 بكميات مفرطة.والأوكسجين، والأمونيوم( 
 الѧذي يحتѧوي علѧى تركيѧز محѧدد مѧن المغѧذيات المطلوبѧة ُمثبتة للنيتѧروجين فѧي نظѧام كيميѧائيخلايا  
 .الأمونيوم( بدون ثاني أكسيد الكربون ،الميثان ،المذابالأوكسجين  ٪ ٠،٥)
الѧذي يحتѧوي علѧى تركيѧز محѧدد مѧن المغѧذيات  اخѧر الأوكسѧجين فѧي نظѧام كيميѧائيخلايѧا محѧدودة  
 .الميثان، وثاني أكسيد الكربون(و ،)الأمونيوم المطلوبة
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  (٢١٠٢حمد فؤاد كاظم )أ   ٨  
 الجينѧاتمجموعѧة مѧن ُحѧدد فѧي الجينѧوم ثلاثѧة انѧواع مختلفѧة مѧن المشѧاغل )المشѧغل: ھو الايѧض الكربѧوني.
  ترمز لثلاثة اجزاء تُكون الانزيم )BAComp(تسمى بـ متجاورة لھا وظائف متعلقة بعملية حيوية مشتركة( 
وُحѧѧѧدد ايضѧѧѧا انѧѧѧزيم نѧѧѧازع الميثѧѧѧانول  OMMp :esanegyxOonoM enahteM etalucitraP() 
كسѧدة أ( مھم للمشاركة في الخطوة الاولى مѧن عمليѧة OMMpانزيم )ان (. esanegordyhed lonahteM)
مѧѧѧن المعѧѧѧروف إن الكربѧѧѧون الموجѧѧѧود فѧѧѧي الميثѧѧѧانوتروفس الھوائيѧѧѧة فѧѧѧي شѧѧѧعبة الميثѧѧѧان الѧѧѧى الميثѧѧѧانول، و
وھѧي المѧادة التѧي تُنѧتَج خѧلال )البرتيوبكتيريا يمكن استيعابه لإنتاج الكتلة الحيوية بدءا ًمن مѧادة الفورمالديھايѧد 
لحيويѧة فقѧط مѧن أكسدة الميثѧان(. وھنѧا توجѧد طريقتѧان , طريقѧة الريبولѧوز احѧادي الفوسѧفات )وتتكѧون الكتلѧة ا
ثѧاني أوكسѧيد الكربѧون(. إن وجѧود من الفورمالديھايد وتتكون الكتلة الحيوية ) enires( وطريقة الفورمالديھايد
، وبدلا ًمن ذلѧك ُوجѧدت جينѧات VloSسلالة الجينات الضرورية في ھاتين الطريقتين لم يُعثر عليھا في جينوم 
 سѧلالةوھѧذا أشѧار إلѧى أن  )BBC : mahssaB-nosneB-nivlaC(ترمѧز إلѧى إنزيمѧات تشѧارك فѧي دورة 
ُحѧددت الجينѧات المسѧؤولة عѧن تخѧزين يمكنھѧا تثبيѧت ثѧاني أوكسѧيد الكربѧون لتركيѧب الكتلѧه الحيويѧة. و VloS
شكلت بيانات الجينوم الأساس للتجارب الفزيولوجية )كمѧا سѧنرى فѧي . ومن ھنا شكل جليكوجين على الكربون
 )يراجع: الفصل السادس(.تحليل الترنسكربيتوم (، وو الخامس الرابعو  الثالث الفصل
  
، واُجريت التجارب الفزيولوجية فѧي VloSسلالة دراسة تثبيت النتروجين عن طريق  الفصل الثالثتناول 
جھѧاز تجѧري فيѧه تكѧاثر مضѧبوط للجѧراثيم بѧلا حѧدود بواسѧطة جريѧان مسѧتمر زجاجات وناظم كيميائي )وھѧو 
، جنبѧا الѧى جنѧب مѧع فحوصѧات نشѧاط الانѧزيم لى تركيز محدد مѧن المغѧذيات المطلوبѧة(للوسط الذي يحتوي ع
( )التѧي KHDfin( )أي اختѧزال الاسѧتيلين الѧى اثيلѧين(، ودراسѧة النشѧوء والتطѧور لجينѧات )esanegortin)
وتشѧكيل الامونيѧوم )N-N( مسѧؤول عѧن كسѧر الرابطѧة (. ھѧذا الأنѧزيم esanegortinترمѧز إلѧى أنѧزيم الѧـ )
مѧنخفض الفي ظل تركيز الأوكسجين  VloSوقد بينت النتائج أن سلالة وھو مھم لتثبيت النتروجين.  (4HN+)
. يكѧون انѧزيم الѧـ حالѧة عѧدم وجѧود الأمونيѧوم تسѧتطيع تثبيѧت النيتѧروجين(، وفѧي ٪ الأوكسѧجين المѧذاب ٠،٥)
اكثر حساسية للاوكسѧجين  (aiborcimocurreV( في الميثانوتروفس الھوائية من شعبة الـ )esanegortin)
  ( في الميثانوتروفس الھوائية من شعبة البروتيوبكتيريا.esanegortinمن انزيم الـ )
  
، وأسѧتُخدمت زجاجѧات VloSسѧلالة عملية تثبيت ثاني أوكسѧيد الكربѧون عѧن طريѧق  الفصل الرابعوبحث 
مѧن الخلايѧا  )ANRm(ريبѧي الحمѧض النѧووي الأيضѧا ًمرسѧال  اسѧتُخدم، وVloSسѧلالة وناظم كيميѧائي لنمѧو 
ثѧاني أوكسѧيد  -(C31ميثѧان وغѧاز ) -(C31فيھѧا غѧاز )وكѧذلك اجريѧت تجѧارب اسѧتُخدم  تحليѧل الترنسѧكربيتومل
كربوكسѧيلاز/ ثنѧائي الفوسѧفات  الريبولѧوز( وھѧو مختصѧر لاسѧم الانѧزيم OCsiBuRإنѧزيم )ونشاط  الكربون،
أظھѧѧرت درجѧѧة عاليѧѧة للتعبيѧѧر الجينѧѧي حسѧѧب نتѧѧائج ، )BBC(. أن الجينѧѧات المسѧѧؤولة عѧѧن دورة أوكسѧѧيجيناز
( وھѧѧو اھѧѧم انѧѧزيم فѧѧي OCsiBuRتحليѧѧل الترنسѧѧكربيتوم، وبѧѧالاخص اثنѧѧين مѧѧن الجينѧѧات التѧѧي ترمѧѧز الѧѧى )
اثبتѧت ان ثѧاني أوكسѧيد الكربѧون،  -(C31ميثѧان و) -(C31)التجارب التي اجريت باسѧتخدام إن   )BBC(.دورة
وكسيد الكربون كمصدر لانتاج الكربون فѧي الكتلѧة الحيويѧة. وكѧان اختبѧار النشѧاط أتستخدم ثاني  VloSسلالة 
( ايجابيا فقط في الجزء الطائف من البروتين المسѧتخلص مѧن الخلايѧا )عمليѧة اسѧتخلاص OCsiBuRلانزيم )
  يدل (، مما tcartxE eerF lleC fo noitareperP) بـ البروتين من الخلايا البكتيرية وتسمى ھذه العملية
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( مѧѧن اھѧѧم الغѧѧازات الدفيئѧѧة او غѧѧازات الاحتبѧѧاس الحѧѧراري بعѧѧد ثѧѧاني أوكسѧѧيد 4HCيعتبѧѧر غѧѧاز الميثѧѧان )
. يѧأتي زيادة ھذين الغازين في الغѧلاف الجѧوي يѧؤدي الѧى ارتفѧاع درجѧة حѧرارة الارض(، إن 2OCالكربون )
او الاركيѧѧا المعروفѧѧة باسѧѧم العتѧѧائق  الدقيقѧѧةغѧѧاز الميثѧѧان مѧѧن المصѧѧادر الطبيعيѧѧة والبشѧѧرية، وتُنتُِجѧѧه ُالاحيѧѧاء 
التي تَنشط في تحليل المواد العضوية تحت الظروف اللاھوائيѧة وتعتبѧر ھѧذه  ،(aeahcrA cinegonahtem)
الطريقة البيولوجية في الإنتاج، بالإضافة إلى إنتاجѧه بالطريقѧة غيѧر البيولوجيѧة حيѧث يتكѧون غѧاز الميثѧان فѧي 
 ٠٨ >حرارية الأرضية حيث يبدأ تحليل المواد العضѧوية فѧي درجѧات حѧرارة عاليѧة )عمليات إنبعاث الطاقة ال
لحسن الحظ، لا يذھب كل ھذا الميثان النѧاتج الѧى الجѧو فھنѧاك جѧزء كبيѧر منѧه تسѧتعمله الاحيѧاء  درجة مئوية(.
الميثѧѧان وھѧѧي كائنѧѧات حيѧѧة دقيقѧѧة تسѧѧتعمل  ،(shportonahtemالدقيقѧѧة المعروفѧѧة ببكتيريѧѧا الميثѧѧانوتروفس )
أن تنمѧو ھوائيѧا أو لا ھوائيѧا، وأنواعھѧا الھوائيѧة  ھѧاكمصѧدر للطاقѧة والكربѧون لتكѧوين الكتلѧة الحيويѧة، و يمكن
تضم ھѧذه الاطروحѧة نتѧاج اربعѧة  .٧٠٠٢( حتى عام airetcaboetorPتصنف تحت شعبة البروتيوبكتيريا )
ائيѧة الѧذي لا يقѧع تحѧت تصѧنيف شѧعبة سѧنوات مѧن البحѧوث العلميѧة علѧى نѧوع جديѧد مѧن الميثѧانوتروفس الھو
 .(VloS niarts muciloiramuf mulihpidicalyhteMالبروتيوبكتيريѧا ويسѧمى ھѧذا النѧوع الجديѧد بѧـ )
أُحِضرت عينة البحث ھذه من البكتيريѧا مѧن منطقѧة بركانيѧة فѧي ايطاليѧا بѧالقرب مѧن نѧابولي، ونُِشѧر اول بحѧث 
جينѧات  وقد تبين في تحليل النشѧوء والتطѧور اسѧتنادا إلѧى .٧٠٠٢ علمي َوصف ھذا النوع من البكتيريا في عام
أُحضѧرتا ( 1maKو4Vمع اثنين مѧن سѧلالات أخѧرى )تُمثَل  VloSان سلالة )S61( الحمض النووي الريبي 
وبѧذلك تعتبѧر ھѧذه السѧلالات انواعѧا جديѧدة مѧن الميثѧانوتروفس ، المنѧاطق البركانيѧة فѧي روسѧيا ونيوزيلنѧدا مѧن
وتتكيف ھذه السلالات الثلاثة بشكل جيѧد مѧع البيئѧة   )aiborcimocurreV(.الـالتي تنتمي الى شعبة  الھوائية
البركانية القاسية، وتكون قادرة علѧى النمѧو فѧي كميѧات منخفضѧة جѧدا مѧن تركيѧز غѧازي الميثѧان والاوكسѧجين 
حѧرارة عاليѧة جѧدا ، ودرجѧات ١( منخفضѧة جѧدا تصѧل الѧى Hpوتكون درجة الحموضѧة )الѧرقم الھيѧدروجيني 
تعѧرف بانھѧا ذات اعѧداد كبيѧرة، وتكѧون موجѧودة فѧي   )aiborcimocurreV(الѧـ .تصل الى مئة درجة مئويѧة
مناطق كثيرة على الارض، ولان التجارب اثبتت أن أنواعا ًمعينة من الميثانوتروفس الھوائيѧة تنتمѧي الѧى ھѧذه 
ن غѧاز الميثѧان يسѧھم فѧي ظѧاھرة الاحتبѧاس الحѧراري ولا .الشعبة فبذلك نستطيع ربطھا بالѧدورة الجيوكيميائيѧة
فمن المھم ان نزيد معرفتنا بالبكتريا المؤكسدة لغاز الميثان، وعلى ھذا الاساس استعملنا تقنيات مختلفة لدراسة 
مثѧѧل : تحليѧѧل الجينѧѧوم و الترنسѧѧكريبتوم وإسѧѧتخدام المجھѧѧر  VloSسѧѧلالة و الفيزيولوجيѧѧا ل الكيميѧѧاء الحيويѧѧة
  ثاني أوكسيد الكربون. -(C31ميثان و) -(C31ي وإجراء تجارب استُخِدم فيھا غازي )الالكترون
 
وتحديد تسلسل زوج قاعدة VloS سلالة من ھذه الاطروحة تعريف الجينوم الخاص ب الفصل الثانيتضمن 
وأظھѧر تحليѧل الجينѧوم بѧان ھنѧاك أوجѧه تشѧابة،  (.gnicneuqes noitareneg txenمѧن الجينѧوم بواسѧطة )
 واختلافѧات بѧين الميثѧانوتروفس الھوائيѧة فѧي شѧعبة البروتيوبكتيريѧا والميثѧانوتروفس الھوائيѧة فѧي شѧعبة الѧـ
. اذا نظرنا الى الايض النتروجيني يمكننا ان نرى ان كلا النوعين من الميثانوتروفس (aiborcimocurreV)
 بينما نلاحظ اختلافات اكبر في منطقة  (،2Nالھوائية  يحتوي على الجينات التي تشارك في تثبيت النتروجين )
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 .VloSالناظم الكيميائي الذي استُخِدم في عمليات نمو سلالة 
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 الحمد Ϳ رب العالمين والصلاة ُوالسلاُم على خير خلقِه محمد وعلى أله الطيبين الطاھرين
 وھذا ما شجعني ان وجل وبالنبي )ص( وآله )عليھم السلام( عز ﷲ الى كان بالتوسل الكتاب ھذا علم طلب
  الأخلاق" "مكارم المشھور دعائه في( السلام عليه) السجاد الامام طلبه ما ﷲ من اطلب .
  
 لِي ِعّزاً  تُْحِدث ْ َولا ِمْثلَھا نَْفِسي حطَْطتَنِي ِعْند َ إِلاّ  َدَرَجةً  النﱠاس ِ تَْرفَْعنِي فِي َولا َوآلِه ِ ُمَحمﱠد ٍ َعلى َصلﱢ  "اللُّھمﱠ 
  بِقََدِرھا" نَْفِسي باِطنَة ًِعْند َ ِذلﱠةً  لِي أَْحَدْثت َ إِلاّ  ظاِھراً 
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 والى ابي الشھيد الدكتور فؤاد كاظم غيدان الربيعي والى امي الغالية لدورھما الكبير في حياتي
 واشكر زوجتي العزيزة والأھل والأقارب.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
